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Abstrat
This thesis represents a systemati study of eletroni struture of the modulation-
free Pb-doped Bi2212 superonduting uprates using the angle-resolved photoe-
mission spetrosopy (ARPES), whih is a leading tehnique in the experimental
investigation of the single partile exitations in solids.
The results presented in this work indiate a very dierent origin for the ob-
served omplex spetral lineshape. Speially, the peak-dip-hump lineshape an
be easily understood in terms of the superposition of spetral features due to
bilayer band splitting, namely the splitting of the CuO2 plane derived eletroni
struture into bonding and antibonding bands due to the interlayer oupling of
CuO2 bilayer bloks within the unit ell of Bi2212. By performing experiments
at synhrotron beamlines where the energy of the inoming photons an be tuned
over a very broad range, the detailed matrix element energy dependene for both
bonding and antibonding bands was determined. This gave the opportunity to
study the eletroni properties of these two bands separately.
For the rst time, it was proved that the superonduting gap has the same
value and symmetry for both bands. Furthermore, having reognized and sorted
out the bilayer splitting eets, it beame possible to identify more subtle eets
hidden in the details of the ARPES lineshapes. In underdoped samples an "in-
trinsi" peak-dip-hump struture due to the interation between eletrons and a
bosoni mode was observed. Studying the doping, temperature, and momentum
dependene of the photoemission spetra it was established that: the mode has a
harateristi energy of 38-40 meV and auses strong renormalization of the ele-
troni struture only in the superonduting state; the eletron-mode oupling is
maximal around the (p,0) point in momentum spae and is strongly doping de-
pendent (being greatly enhaned in the underdoped regime). From the above,
it was onluded that the bosoni mode must orrespond to the sharp magneti
resonane mode observed in inelasti neutron sattering experiments, and that
this oupling is relevant to superondutivity and the pairing mehanism in the
uprates.
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Chapter 1
Introdution
2 Chapter 1. Introdution
The eletroni struture of solids determines the variety of many of their phys-
ial properties suh as eletrial, magneti, optial, thermal behavior and et.
Moreover, the interations of the eletrons, in their turn, ause a lot of outstand-
ing phenomena: metal-insulator transitions, olossal magneto-resistane and su-
perondutivity. These eletron orrelation eets are espeially strong in the
so-alled low-dimensional transition metal ompounds. Thus, the study of the
eletroni states and eletron interations in suh materials is of great importane
and promises a deeper understanding of the physis of solids in general.
One of the most fasinating disoveries in solid state physis of the 20th entury
- the disovery of high-temperature superondutivity is based on low-dimensional
opper oxide based ompounds. A number of dierent spetrosopy tehniques
was used to study empty and oupied eletroni states of these materials. But up
to now the mehanism of high-temperature superondutivity in uprates remains
unlear. This requires further and more detailed investigations of their eletroni
struture.
This thesis deals with angle-resolved photoemission studies of high temperat-
ure superondutors. This experimental method provides us with the omplete
information about the oupied band struture and allows to systematially in-
vestigate the eletroni struture of solids as a funtion of temperature, doping
and momentum.
This thesis is organized as follows: an introdution to the high temperature
superonduting uprates and an overview of the previous photoemission results
for Bi2Sr2CaCu2O8+δ are given in the next hapters. The basis of the applied
experimental tehniques are disussed in hapter 4. The general framework of the
experimental data presentation is also introdued in this hapter. The following
hapters disuss the main results of this thesis: hapter 5 onerns the eets
aused by the presene of bilayer split bands, hapter 6 is devoted to the properties
of the quasipartiles in these bands. Finally, a short summary is given in hapter 7.
Chapter 2
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ondu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4 Chapter 2. Superonduting uprates
Starting with the disovery of superondutivity in the La-Ba-Cu-O system
near 30 K by Bednorz and Müller in 1986 [1℄, a new era in solid state physis
has begun - that of high temperature superondutors (HTSC). As a result, a
wide range of new superonduting materials with transition temperatures (Tc)
higher than the boiling point of liquid nitrogen was found: starting from a Tc of
about 90 K for YBa2Cu3O7−δ (denoted Y123 or YBCO) [2℄ and Bi2Sr2CaCu2O8+δ
(denoted Bi2212 or BSCCO) [3, 4℄, and ending with the reord Tc=134 K for
HgBa2Ca2Cu3O8+δ [5, 6℄ (see Fig. 2.1).
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Figure 2.1: Evolution of the transition temperature Tc with time.
2.1 Crystal struture
All these opper oxide based high Tc superondutors have a layered quasi two-
dimensional (2D) rystal struture with CuO2 planes separated from eah other
by so-alled harge reservoir layers as shown in Fig.2.2. Depending on the number
N of CuO2 planes within the unit ell, the uprates are lassied into single-layer
[La2−xSrxCuO4, Bi2Sr2CuO6+δ, (Sr,Ca)2CuO2Cl2℄, bilayer [Bi2Sr2CaCu2O8+δ, YBa2Cu3O7−δ℄,
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Figure 2.2: The rystal strutures of the superonduting ompound series of
general formula Bi2Sr2Can−1CunOy with n = 1, 2 and 3.
trilayer materials [Bi2Sr2Ca2Cu3O10+δ℄, et etera. This strutural harateristi af-
fets the superonduting properties: within eah family of uprates, Tc inreases
with N for N≤3, and then dereases. For instane, within the Tl-based uprate
HTSCs, a maximum Tc of 90, 110, 125 and 110 K is found for N=1, 2, 3 and 4,
respetively [7, 8℄. For a Bi-based uprate HTSCs (Fig. 2.2), a maximum Tc of
34, 90 and 110 K is found for N=1, 2 and 3, respetively [9℄.
2.2 Eletroni struture
The key element shared by all suh strutures is the CuO2 plane with an oupany
of one eletron per unit ell forming a "Mott insulator", the parent ompound for
high Tc superondutors. A Mott insulator is a material with a half lled band
in whih the ondutivity vanishes, even while band theory would predit it to be
metalli (for reent review see Ref. [10℄).
A Mott insulator is fundamentally dierent from a onventional (band) insu-
lator where ondutivity is bloked by the Pauli exlusion priniple. When the
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highest oupied band ontains two eletrons per unit ell, eletrons annot move
beause all orbitals are lled. Instead, in a Mott insulator harge ondution is
bloked by eletron-eletron Coulomb repulsion. When the highest oupied band
ontains one eletron per unit ell, eletron motion requires the reation of a doubly
oupied site. If the eletron-eletron repulsion is strong enough, this band an
split in two: the singly oupied lower band (the so-alled lower Hubbard band)
and the unoupied upper one (the so-alled upper Hubbard band). With one
eletron per site, the lower band will be full, the eletron motion bloked and as a
result the system will be an insulator. The amount of harge per unit ell beomes
xed, leaving only the eletron spin on eah site to utuate. This generates
a super-exhange interation, whih favors antiparallel alignment of neighboring
spins and leads to a long range antiferromagneti (AF) order at a rather high Néel
temperature TN depending on the material.
In the ase of the high-Tc uprates, a layered two-dimensional rystal struture
leads to highly 2D, anisotropi harater, with a rystal eld splitting of the Cu3d
bands as shown in Fig. 2.3.
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Figure 2.3: Formation of the ele-
troni struture of the CuO2 lay-
ers in HTSC. Left side: rystal-
eld splitting of a Cu3d9 level in
a regular and distorted otahed-
ron of O ions. Right side: O2p6
level. Middle: bands are formed
by hybridization between Cu3d
and O2p levels (from Ref. [11℄).
The Mott insulating phase of the HTSCs is realized in the Cu d9 onguration,
where three t2g bands as well as the d3z2−r2 band are fully oupied, whereas the
dx2−y2 band is half lled. In this ase, the low-energy eletroni properties an be
desribed by a single-band Hubbard model.
However, another signiant feature of the transition-metal oxides is the strong
hybridization of the Cu3d and O2p orbitals. In ase of the high-Tc uprates, the
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tron doping 7
hybridization is strongest for the σ bonds between in-plane Cu3dx2−y2 and in-
plane O2px,y states. This leads to a three-band extended Hubbard model [12℄ that
inludes the Cu3dx2−y2 orbital and two O2px,y orbitals in the plane. The energy
gap is not longer determined by the Coulomb repulsion energy U as in the Mott-
Hubbard (MH) insulator, but by the harge transfer energy ∆ = ǫd − ǫp, whih is
dened as a dierene between the energy of the Cu3d and O2p eletrons. This
kind of insulator, whih was laried by Zaanen, Sawatsky and Allen [13℄, is alled
a harge transfer (CT) insulator. The term "Mott insulator" is used here in a
broad sense whih overs both types. The dierene between this two ases is
shematially illustrated in Fig. 2.4.
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-
tion eet (from Ref. [10℄).
Therefore, undoped (with a half-lled Cu3d derived band) layered opper ox-
ides are AF insulators and the Fermi level lies in the gap between the O2p band
and UHB.
2.3 Hole and eletron doping
By substituting dierent elements in the reservoir layers or by varying their oxygen
ontent one an dope harge arriers (eletrons or holes in the ase of n- or p-type
superondutors, respetively) into the CuO2 planes. The eletroni struture of
harge arrier doped high-Tc uprates an be related to the undoped half-lled
ase, as it shown in Fig. 2.5.
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In ase of the hole-doping the Fermi level is shifted into O2p band (middle
panel in Fig. 2.5), while when eletrons are added to the undoped system (right
panel in Fig. 2.5), the Fermi level will move into the upper Hubbard band (d10),
resulting in ondutive properties. The energy separation between O2p band and
the UHB is in order of 2 eV.
Doping reates sites to whih eletrons an jump without experiening the
Coulomb repulsion energy: this makes the material onduting and, under the right
onditions, superonduting. The phenomenologial phase diagram of eletron- (n-
type) and hole-doped (p-type) uprate HTSCs is presented in Fig. 2.6.
2.4 Phase diagram
Below, only the hole-doped part of the phase diagram will onsidered (right panel
in Fig. 2.6). The antiferromagneti (AF) region is the best understood region of
the phase diagram. At zero dopant onentration uprates are antiferromagneti
Mott insulators as it was disussed above.
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Figure 2.6: Phase diagram of n (left) and p-type (right) superondutors [14℄.
When the dopant onentration is inreased above a ritial value (about 0.05),
the antiferromagneti state disappears. This region is the so-alled pseudogap or
underdoped region of the phase diagram. It is alled underdoped beause the
dopant onentration is less than that one whih maximizes the superonduting
transition temperature (the so-alled optimal doping level). The region where the
dopant onentration is larger than the optimal one is alled overdoped, orres-
pondingly. The explanation of what a pseudogap is, will be given later.
The superonduting region is haraterized by formation of oherent Cooper
pairs (whih leads to zero resistivity) and opening of a superonduting energy gap
(the energy whih is needed to split the pairs). However, in HTSCs the pairing
symmetry (the symmetry of the wave funtion desribing the Cooper pairs and,
orrespondingly, the symmetry of the superonduting gap) is dierent ompared
to onventional superondutors. It is well established that in onventional low-
Tc superondutors (e.g., Pb,Al,Nb,Nb3Sn), the phonon mediated many-body
eletron-eletron interation leads to spin-singlet pairing with s-wave symmetry
(see Ref. [15℄ for Bardeen, Cooper, Shrieer (BCS) theory overview). On the
other hand, the internal struture of the Cooper pairs in the HTSCs was a topi of
intense debate for more than fteen years after the disovery of high-Tc superon-
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dutivity. Reently, a new lass of phase-sensitive pairing symmetry experiments
(suh as SQUID interferometry, trirystal and tetrarystal magnetometry), as well
as a number of other tehniques measuring the magnitude of the energy gap, have
established predominantly d-wave pairing symmetry in a number of high-Tc om-
pounds (for review see Ref. [16℄). As a result of a d-wave pairing symmetry, the
superonduting gap funtion varies as a osine funtion around the Fermi surfae
with nodes at kx = ±ky (see Fig. 2.7).
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Figure 2.7: Symmetry of the order parameter of onventional (left panel) and
uprate (right panel) superondutors.
The puzzling feature found for underdoped materials is, that the gapped state
persist up to a ertain temperature T ∗, whih is higher than the superonduting
transition temperature Tc. Up to now the nature of this so-alled pseudogap is
under debate [17, 18℄.
The relevant experimental observations related to the pseudogap properties an
be summarized as follows.
• The pseudogap is observed in the underdoped side of the phase diagram and
it weakens as optimal doping is approahed.
• The pseudogap evolves into the superonduting gap (i.e. the magnitude of
the superonduting gap ∆(T ) is not going to zero at Tc).
• Both the pseudogap and superonduting gap have a d-wave symmetry.
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• In the overdoped region of the phase diagram the peudogap merges with the
superonduting gap (i.e. T ∗ merges with Tc).
Moreover these doped uprate materials exhibit even more unusual properties
in their "normal" metalli state (Fig. 2.6), not explainable in terms of onventional
metal physis [19℄. For example, the observed behavior of uprates in the over-
doped metalli regime an be well explained by a Fermi liquid (FL) theory, whih
desribes eletroni exitations in terms of a non-interating gas of renormalized
quasipartiles (see setion 4.1.3). But if we onsider the part of phase diagram
between the underdoped (pseudogap) and overdoped (Fermi-liquid) regions, the
appliability of FL theory beomes questionable. While the thermodynami prop-
erties in this region are in fat similar to the FL behavior, all transport properties
(suh as resistivity, various magneti relaxation rates, the Hall ondutivity and
magnetoresistane) and optial ondutivity are haraterized by unusual power
laws as a funtion of temperature. These unusual properties are the reason why
this part of the phase diagram is also alled the non-Fermi-liquid region.
All these exeptional properties require new physial onepts to understand
the high-Tc uprates [20℄. Theoretial views of the underdoped (pseudogap) region
of the phase diagram are just as diverse as the views on the mehanism of high-Tc
superondutivity [17℄:
• "Pre-formed" pairs. Taking into aount the fat, that the symmetry of
the pseudogap is the same as of the superonduting state, it was assumed
that the pseudogap phase results from the Cooper-pair formation at T ∗.
With dereasing temperature all these "pre-formed" pairs beome oherent
(oupy the q=0 state), whih leads to a Bose ondensation into the same
quantum state at Tc (i.e. superondutivity). Upon heating, phase oherene
is lost at Tc and the state just above the transition temperature is a normal
Bose liquid of tightly bound pairs. At a muh higher temperature T ∗ the
Cooper pairs dissoiate.
• Spin-harge separation. Another approah is based on the assumption
that spin and harge degrees of freedom assoiated with the holes beome
separated. Spin-harge separation reates holons with zero spin (bosons)
and spinons whih are zero harge S = 1/2 fermions. The pairing of spinons
(formation of spin-singlets) leads to the formation of a "spin gap". The spin-
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singlets are in a d-wave state, that, aording to this model, explains the
d-wave superonduting state at low temperatures. A similar model of the
pseudogap has been developed also for dynamial harged stripes separated
by insulating antiferromagneti stripes. Spin and harge are separated as
spin resides in the AF stripes, where a spin gap is opening.
• Antiferromagneti spin utuations. In the nearly antiferromagneti
Fermi liquid (NAFL) model the dominant interation between quasipartiles
arises from spin utuations, as haraterized in the dynamial spin sus-
eptibility χ(q, k). The strong AF orrelations ause a peak in χ(q, k) at
Q = (π, π). This allows to distinguish two lasses of quasipartiles: hot
quasipartiles whih are loated near (π, 0), onneted to eah other by Q,
and old quasipartiles whih are not strongly onneted by AF utuations.
The old quasipartiles behave like a strongly oupled Fermi liquid while the
hot quasipartiles are anomalous and non-FL like. Below T ∗ a gap opens in
the hot quasipartile spetrum, reating the pseudogap. Below Tc the old
quasipartiles beome gaped, giving rise to the superonduting transition.
In order to hek the validity of proposed theoretial models, a detailed om-
parison with experiments that probe the eletroni properties and the elementary
exitations is required. In this ontext, angle-resolved photoemission spetrosopy
(ARPES) plays a major role beause it is the most diret method to study the
eletroni struture of solids. This tehnique provides information about the single
partile spetral funtion, whih an be alulated starting from a mirosopi
Hamiltonian (see setion 4.1.3).
Many of the ARPES results had strong impat on the understanding of the
eletroni struture of uprate high temperature superondutors. In the following
literature review, I will fous on the most important results obtained by ARPES
suh as the Fermi surfae topology, the disovery of superonduting and pseudo
gaps, the "peak-dip-hump" spetral lineshape at the (π, 0) point and the reently
observed bilayer splitting.
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Sine the bilayer Bi2Sr2CaCu2O8+δ (Bi2212) is objet of the experimental
researh presented in this work, the following literature review will onsider mainly
ARPES results obtained for this ompound. It also should be noted, that the vast
majority of the published photoemission data were obtained using Bi2212 samples.
3.1 Fermi surfae
The Fermi surfae (FS) is a surfae of onstant energy in reiproal spae. It
separates the unlled states from the lled ones at zero temperature. The FS is one
of the entral onepts in solid state physis, sine the eletroni exitations aross
the Fermi surfae determine the low energy properties of the material. Therefore,
knowing the topology of the Fermi surfae is very important.
In this work the following onventional square lattie notation for the 2D Bril-
louin zone of Bi2212 will be used: Γ−M is along the Cu-O bond diretion, with
Γ = (0, 0), M = (π, 0), X = (π,−π) and Y = (π, π) in units of 1/a∗, where
a∗ = 3.83 Å is the separation between nearest-neighbor planar Cu ions (the or-
thorhombi a axis is along Γ−X and b axis along Γ− Y ).
C u
C uC u
C u
O
O
O
O
M XY
G
Figure 3.1: Shemati view of a CuO2 plane with Cu dx2−y2 and O px, py orbitals
(left panel); and the 2D projeted Brillouin zone with onventional notations for
high-symmetry points, the shaded area represent the irreduible symmetry unit
(right panel)
3.1. Fermi surfae 15
3.1.1 Fermi surfae topology
An intensive study of the Fermi surfae topology of Bi2212 has been arried out
using the ARPES method. An ongoing ontroversy was present from the very be-
ginning of these investigations [21, 22℄. Some experimental results were supporting
the eletron-like harater of the FS in Bi2212, while others, in ontrary, reported
a hole-like FS (see Fig. 3.2).
Figure 3.2: Hole-like FS topology (a) versus eletron-like topology (b) [23℄.
This omplexity in the interpretation of ARPES experiments arises from the
detetion of additional features besides those related to the primary eletroni
struture:
(i) Shadow bands, whih orrespond to a replia of the main FS shifted by the
wave vetor (π, π) in the 2D Brillouin zone.
(ii) Umklapp bands, whih, as usually believed, are originated from the diration
of the outgoing photoeletrons by the superstruture present in the BiO layers.
These bands an be as well a result of the modiation of the intrinsi in-plane
Cu-O eletroni struture due to the inommensurate distortion of the approximate
tetragonal symmetry.
The rst omplete FS mapping for near optimally doped Bi2212 done by Aebi
et al. [24℄ is shown in Fig. 3.3. Panel (a) exhibits a plot of the spetral weight
integrated within an energy window of 10 meV around the Fermi level (data were
taken with HeI 21.2 eV photon energy and an energy resolution of 30-40 meV).
The authors onluded that the FS is a hole like piee entered at X or Y points in
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Figure 3.3: (a) k‖ mapping of the intensity of HeI (21.2 eV) exited photoeletrons
olleted within an energy window of 10 meV width entered at EF . A logarithmi
intensity sale is used to enhane weaker features. The outer irle indiated an
emission angle of 90
◦
. (b) Sketh of (a), emphasizing the ne lines observed in the
measurements and distinguishing between the stronger (thik lines) and weaker
(dashed lines) sets of lines. (from Ref. [24℄)
the k-spae as indiated by the thik lines in Fig. 3.3b. The ompliations in the
intensity map arise from the superposition of "shadow" FSs that are oset from the
main FS by Q = (π, π), as shown in Fig. 3.3b. Note, that antiferromagneti (AF)
ordering of the spins in the CuO2 plane leads to the shift of the "antiferromagneti"
FS of the vetor (π, π). Sine the vetor Q orresponds exatly to the vetor
(π, π), this "shadow" FS an be explained in terms of short range and dynami
AF orrelations.
Later on, Ding et al. [25℄ have investigated the eletroni struture and the
Fermi surfae in the normal state (T = 95K) of near-optimal OD Bi2212 (Tc =
87K) using inident photon energies of 19 and 22 eV.
They found that the main FS onsists of the large hole-like barrels entered
around the X and Y points in k-spae (thik line in Fig. 3.4). Additional FS
rossing bands an be modelled by shifting the main band t by ±q, where
q = (0.21π, 0.21π) is the superlattie (SL) vetor arising from the presene of
the superstruture in the Bi-O layers (thin urves in Fig. 3.4). This distortion is
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haraterized by a periodiity of 27 Å along the b axis and results in a unit ell
approximately ve times larger along this diretion. The shadow bands orres-
ponding to the shift of the main FS on vetor Q = (π, π) were also observed. As a
result, around (π, 0) two main bands, two shadow bands, and four umklapp bands
ross the Fermi level.
Reent improvements in energy and angular resolution of ARPES experiments
make it possible to resolve all these features in photoemission spetra from Bi2212.
Main, shadow and umklapp bands an be absolutely preisely reognized from the
series of spetra taken along the Γ−Y diretion, where they are learly separated
(see Fig. 3.5).
Moreover, Borisenko et al. [27℄ have shown, that using the superstruture free
Pb-substituted Bi2212 (see setion samples in hapter 4) one an avoid the umk-
lapp bands in photoemission spetra (Fig. 3.6).
While in the ase of the pristine Bi2212 the presene of diration replias of
the main FS leads to a drasti inrease of intensity along a ribbon entered on
Figure 3.4: Bi2212
(Tc=87K) FS (a) and
normal state (T=95K)
dispersion (b). The thik
lines are the result of a
tight binding t to the
main band dispersion.
Thin and dashed lines
represent (0.21π, 0.21π)
umklapp and shadow
bands, respetively. The
inset of (b) is a blowup of
Γ−X. (from Ref. [25℄)
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Figure 3.5: Intensity
I(k, ω) (a) and orres-
ponding ARPES spetra
(b) from optimally doped
Bi2212 (Tc = 90K) taken
along Γ − Y with 33 eV
photons at T = 40K.
Main, umklapp, seond-
order umklapp, and
shadow bands are denoted
as MB, UB, UB(2), and
SB, respetively. (from
Ref. [26℄)
the (0,−π)− (π, 0) line indiated in Fig. 3.6a by grey shading, in the ase of the
Pb-doped Bi2212 there is no suh intensity ribbon, and the intensity prole aross
the map is pratially symmetrial about the Γ−M −Z line (see Fig. 3.6b). The
main FS presented here reveals hole-like topology, seen here as a ross-setion of
tube-like forms entered around the X, Y points (the so-alled FS "barrels").
A detailed and systemati investigation of the doping dependene of the normal-
state (T = 300K) Fermi surfae topology for the modulation free Pb-doped Bi2212
samples was done by Kordyuk et al. [28℄. In ontrast with the ase of LSCO, where
a rossover from a hole- (see Fig. 3.2a) to eletron-like (see Fig. 3.2b) FS is learly
evident near optimal doping [29℄, within the studied doping range (35K around op-
timal doping) no topologial hange of the main FS was found. The Fermi surfae
remains hole-like, entered at the X, Y points (see Fig. 3.7).
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Figure 3.6: Normal state (T = 120K) Fermi surfae maps of (a) pristine Bi2212
and (b) Pb-doped Bi2212 taken with unpolarized HeI α radiation. The guidelines
indiate the main FS (thik blak solid line); shadow FS (solid red line); rst-order
umklapp FS (thin solid blak line), seond-order umklapp FS (thin dashed blak
line). (from Ref. [27℄)
Figure 3.7: Normal state Fermi surfae for a series of Pb-Bi2212 samples with
dierent doping levels as indiated by the Tc value of eah sample. The sketh
shows the FS for the OD69K data set (Ref. [28℄).
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As hole doping is inreased, the main FS "barrels" inrease in size as an easily
be seen in the derease of the inter-barrel separation around the M = (π, 0) point.
The shape of the FS "barrels" hanges from being quite rounded at low doping
to taking on the form of a square with well-rounded orners at higher doping.
In ontrast to the previous results of Ding et al. [30℄, where no shadow band
were deteted for a strongly underdoped Bi2212 sample (Tc = 15K), the strongly
pronouned shadow Fermi surfae (SFS) was observed for all doping levels.
Furthermore, by tting the Fermi surfae to the experimentally obtained maps
(a sketh of the t result is shown as the yellow line on the right-hand side of
Fig. 3.7) one an derive the hole onentration x from the simple relation x+ 1 =
2Sb/SBZ , where Sb is the area of main FS "barrel" and SBZ is the area of the
Brillouin zone. The results obtained from this analysis of the FS area are shown
in Fig. 3.8. The solid line shows the widely used empirial parabola for Tc as a
funtion of doping [31℄.
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Figure 3.8: Symbols: ritial
temperatures vs the hole on-
entration xFS , alulated dir-
etly from the area of the FS's
shown in Fig. 3.7. The solid
line shows the ommonly used
empirial relation for Tc vs x
(Ref. [28℄).
The oordinate pairs (Tc, x) diretly derived from the experimentally determ-
ined FS area also give a paraboli urve (shown as a dotted line in Fig. 3.8), but
this urve is downshifted in doping by ∼ 0.05 towards the underdoped side of the
phase diagram. This result an be well understood in terms of the bilayer splitting
of the CuO band.
3.1.2 Bilayer splitting
The presene of the two CuO2 planes in a unit ell of Bi2212 gives grounds to
expet a hybridization of these eletroni states into bonding (BB) and antibonding
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(AB) bands, the wavefuntions of whih are even and odd under reetion in a
mirror plane loated in the middle of the unit ell parallel to the CuO2 layers,
orrespondingly.
This band splitting, the so-alled bilayer splitting, was predited from a variety
of band struture alulations [32, 33℄. The general dispersion harateristis of
these two bands an be understood in terms of a simple tight-binding model. In a
two-layer system like Bi2212, the single-partile hopping between the planes of a
bilayer as a funtion of the in-plane momentum k‖ an be written as follows [34℄:
t⊥(k) = −tz(cos kx − cos ky)2. Therefore, the two bilayer bands are degenerate
along the Brillouin zone diagonal Γ − X but beome split as one goes along the
Γ−M diretion. The value of bilayer splitting reahes its maximum at the M =
(π, 0) point (see Fig. 3.9).
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Figure 3.9: Band struture of
Bi2212 in the viinity of the
Fermi energy EF (shown by the
horizontal dashed line) along
the symmetry lines Γ − M −
X − Γ. Bands noted with a
and b are the antibonding and
bonding states at the M-point,
respetively, arising from the
CuO2 planes; c and c
′
are Bi-
O related states (Ref. [35℄).
In the early work of Dessau et al. [22℄, two FSs in the (π, 0) region were observed
in the normal state (T=100K) for pristine Bi2212 (Tc = 85K): one eletron-like
and one hole-like. This was interpreted as a signature of bonding and antibonding
bands in a bilayer system. On the other hand, Ding et al. [25℄ laimed from the
photoemission studies of the band dispersion the absene of bilayer splitting in
the pristine Bi2212 (Tc=87K) in both the normal (T=95K) and superonduting
(T=13K) states.
22 Chapter 3. Photoemission of high Tc uprates
The reent improvement in angular (i.e. momentum) resolution of the eletron
energy analyzers (for further details see the experimental setion in hapter 4)
makes it possible to resolve this band splitting in ARPES experiments on Bi2212
and the bilayer splitting was experimentally observed in the heavily overdoped
Bi2212 (Tc = 65K) [36℄.
In Fig. 3.10a two main FSs are observed (one for the AB and the other for the
BB) as well as its orresponding superstruture replias (AB' and BB'). This FSs
give rise to four resolved peaks (Fig. 3.10b), whose dispersion an be followed in
the ARPES spetra along the k-spae ut indiated by the arrow in Fig. 3.10a.
A dierent photon energy dependene of bonding and antibonding bands was
observed. At 22.7 eV photon energy (lower right half of Fig. 3.10a), the AB has
Figure 3.10: (a) Integrated EF intensity map (integration window [-20 meV, 10
meV℄)from overdoped Bi2212 (Tc=65K). The data were measured above Tc with
hν = 22.7 eV (lower-right, T =75 K) and hν = 20 eV (upper-left, T =80 K).
Symbols are the FS rossings estimated diretly from the dispersion of the peaks.
BB and AB refer to the bonding and antibonding bands, and BB' and AB' to the
orresponding superstruture replias. (b) ARPES spetra along the ut indiated
by the arrow in (a) (Ref. [36℄).
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Figure 3.11: ARPES intensity for emis-
sion from the bonding and antibonding
states at M-point as a funtion of the
photon energy (Ref. [35℄).
more weight near EF than the BB, and this situation is reversed at 20 eV (upper left
half of Fig. 3.10a). This strong photon energy dependene of the relative intensities
of the AB and BB is onsistent with the bilayer splitting, beause the antibonding
and bonding bands have dierent symmetry along the c-axis (odd and even for
AB and BB, respetively) and, therefore, dierent transition matrix elements. It
was found [35, 37℄, that these matrix element eets ause a nontrivial exitation
photon energy dependene of the relative ARPES intensities of the bonding and
antibonding states (Fig. 3.11).
Similar results were independently obtained by Chuang et al. [38℄ for the over-
doped Bi2212 (Tc=85K). In Fig. 3.12a well separated antibonding (A) and bonding
(B) bands an be observed together with the superstruture (S.S.) bands. All to-
gether, both studies provide a lear evidene for normal state bilayer splitting in
overdoped Bi2212. The presene of bilayer splitting was also onrmed for the
slightly overdoped (Tc=84K) and overdoped (Tc=70K) modulation free Pb-doped
Bi2212 [39℄ as well as for the underdoped (Tc=77K) Pb-doped Bi2212 [28℄.
3.2 Superonduting state properties
All the results disussed in the previous setion onern to the normal state ele-
troni properties of the superonduting layered uprates. However, to understand
the mehanism responsible for the ourrene of high temperature superondut-
ivity in these materials a systemati investigation of the eletroni struture below
the superonduting transition temperature Tc is required.
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Figure 3.12: (a) normal state (T=100K) E, k image plot of the ARPES intensity
and (b) orresponding MDCs taken on overdoped Bi2212 (Tc=85K) near the (π, 0)
region (Ref. [38℄).
3.2.1 Superonduting gap
One of the most important results obtained in photoemission experiments was the
diret observation of the superonduting energy gap [40℄.
In fat, the ability of ARPES to measure the superonduting gap as a funtion
of rystal momentum provides a well suited opportunity to probe the symmetry of
the order parameter. Earlier investigations learly demonstrated the anisotropi
harater of the superonduting gap [41, 42℄.
Fig. 3.14 presents normal (open squares) and superonduting state (solid
irles) ARPES spetra from overdoped Bi2212 at two dierent points A and B
in the Brillouin zone. Very lear spetral hanges were observed at the A point as
the sample is ooled below Tc. The leading edge of the spetrum in the superon-
duting state is shifted bak to higher binding energy, reeting the opening of the
superonduting energy gap. At the same time, a "dip" near -80 meV appears in
the spetra. These hanges in the spetral lineshape will be disussed later in the
next setion of this hapter. At the B point, only minor hanges with temperature
were observed, indiating that the gap is very small and undetetable within the
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experimental unertainty or equal zero. The energy shift of the midpoint of the
leading edge of the superonduting state spetrum gives a gap value of 12 meV at
point A and value of 0 to 0.5 meV at point B. These results strongly suggest that
the superonduting gap is anisotropi and, in partiular, onsistent with a d-wave
order parameter desribed within theories where short-ranged antiferromagneti
spin utuations mediate pairing in the uprates (for review see Ref. [43℄).
A more detailed investigation of the momentum dependene of the superon-
duting gap in Bi2212 was done by Ding et al. [44℄. The values of the gap were
obtained by means of tting the photoemission spetra taken in the superondut-
ing state (T = 13K) for various points along the main FS in the Y quadrant (see
inset in Fig. 3.15) with a resolution broadened BSC spetral funtion.
Figure 3.13: (a) and (b) Photoemission
spetra of Bi2212 (Tc = 88K) samples
(S1, S2) in the normal (dots) and su-
peronduting (stars) states in ompar-
ison with () BSC model alulation of
the density of states (DOS). The normal
state DOS for T = 105K has been sim-
ulated by the assumption of the linear
dereasing DOS onvoluted with a res-
olution Gaussian and multiplied by the
Fermi funtion. For the DOS in the
superonduting state the normal state
DOS was multiplied by the BSC funtion,
onvoluted with the resolution Gaussian
and multiplied by the Fermi funtion.
The superonduting gap ∆ was varied
to get a satisfatory agreement with the
experimentally observed spetrum. The
orresponding value of ∆ = 30 meV was
obtained (Ref. [40℄).
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Figure 3.14: Photoemission spetra
from a Bi2212 (Tc=78K) sample reor-
ded at k-spae loations A and B, as
illustrated in the inset. The spetral
hanges above and below Tc are aused
by the opening of the superonduting
gap (Ref. [42℄).
Figure 3.15: Superonduting gap
measured at 13K on Bi2212 (Tc = 87K)
plotted versus angle along the normal
state Fermi surfae (lled irles) to-
gether with a d-wave t to the data
(solid urve). The inset shows loa-
tions of the orresponding spetra in
the Y quadrant of the Brillouin zone as
well as the photon polarization dire-
tion (Ref. [44℄).
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The angular variation of the gap value obtained from the ts is in a good
agreement with a dx2−y2 funtional form ∆(k) = ∆0(cos kx − cos ky), whih gives
zero value of the gap at the FS points orresponding to the Γ − X(Y ) diretion
(the so-alled nodal points). Moreover, the gap reahes its maximum at the FS
points orresponding to the M −X(Y ) diretion (the so-alled antinodal points).
However, in most ases, instead of the well dened usp seen in Fig. 3.15 an
extended area around the nodal region haraterized by gapless exitations was
found [44, 45℄.
The doping dependene of the superonduting gap anisotropy is shown in
Fig. 3.16. For the best t the following gap funtion has been used: ∆k =
∆max[B cos 2φ + (1 − B) cos 6φ] with 0 ≤ B ≤ 1. The additional cos 6φ term
orresponds to the next harmoni onsistent with d-wave symmetry. In general,
the symmetry allowed gap funtion in ase of dx2−y2-wave pairing in the square
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Figure 3.16: Values of the
superonduting gap as a
funtion of the Fermi sur-
fae angle φ obtained for
a series of Bi2212 samples
with varying doping. The
solid lines represent the
best t (see text). The
dashed line in the panel of
an UD75K sample repres-
ents the gap funtion with
B = 1 (Ref. [45℄).
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lattie has a multi-term form [46℄:
∆dk =
∞∑
r1=1
r1−1∑
r2=0
∞∑
r3=0
adr1r2r3(cos(kxr1) cos(kyr2)− cos(kxr2) cos(kyr1)) cos(kzr3)
Thus, the rst harmoni ∆100 ∝ (cos kx − cos ky) orresponds to the cos 2φ
term in the t and the seond harmoni ∆200 ∝ (cos 2kx − cos 2ky) to cos 6φ,
orrespondingly. The results of the t (Fig. 3.16) show that while for the overdoped
samples the data sets are onsistent with B ≈ 1, the parameter B dereases
signiantly in the underdoped regime.
Note, that a perfetly dened d-wave behavior would suggest that one an ex-
lude the presene of two independent gaps with dierent symmetry of dierent
origin, namely the superonduting gap and the normal-state pseudogap. Never-
theless, is should be stressed here that ARPES does not see the phase of the order
parameter (wave-funtion desribing the Cooper pair). In other words, angle-
resolved photoemission measures the k-dependene of the magnitude of the gap
only .
3.2.2 Peak-dip-hump
The other well-known eet observed for Bi2212 in the early photoemission ex-
periments is a dramati hange of the spetral lineshape at the M = (π, 0)-point
below the superonduting transition temperature [41℄.
For temperatures T < Tc, a sharp peak develops at the lowest binding energies
followed by a dip and a broader hump, giving rise to the so-alled "peak-dip-hump"
struture (see Figs. 3.14 and 3.17).
Similar results were obtained previously in tunneling measurements on Bi2212,
where "peak-dip-hump"-like tunneling spetra were observed at temperatures be-
low Tc [47℄.
The detailed investigation by Norman et al. [48℄ shows a more omplex k de-
pendene of this peak-dip-hump lineshape. In Fig. 3.18 the photoemission spetra
along the Γ − M − Z diretion are shown for an overdoped (Tc=87K) Bi2212
sample above (a) and below Tc (b). In the superonduting state almost no dis-
persion was observed for the low energy peak along a large range in k-spae, while
the dispersion of the hump in the superonduting state follows the normal state
dispersion.
The simplest explanation of the observed spetral lineshape would be the pres-
ene of two bands due to the bilayer splitting disussed above. In this ase, the
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Figure 3.17: ARPES spetra
taken at three dierent temper-
atures near the Fermi surfae (a)
along Γ−M and (b) along Γ−X.
Inset: Illustration of the spetral
weight transfer at the superon-
dution transition of the BSC the-
ory (Ref. [41℄).
antibonding band ould be responsible for the peak and the bonding band for the
hump. However, at the time, there were some experimental observation that seem
to ontradit this simple piture.
Firstly, if the sharp peak is assoiated with an antibonding band, then this
band should also appear at temperatures above Tc. But in a variety of temperat-
ure dependent studies the disappearane of the peak above the superonduting
temperature was seen [49, 50℄. In a strit sense, the peak-dip-hump struture be-
omes apparent slightly above Tc, but the low energy peak ahieves onsiderable
spetral weight only below Tc (see Fig. 3.19).
Seondly, if the peak and the hump were from two dierent bands, then their
intensities should have dierent matrix element dependene. But, as was found
by Ding et al. [25℄, the relative intensities of both features do not depend on the
angle of the photon polarization (see Fig. 3.20).
Therefore, it was onluded that the peak-dip-hump lineshape might also be an
intrinsi feature. Thus, the dip, the peak and the hump would al bel part of a single
spetral funtion, aused by a strong energy dependene of the superonduting
state self-energy (a "strong oupling to bosons"). The hump represents the energy
sale at whih the spetral funtion below Tc mathes onto that in the normal
state (see middle and left olumn in Fig. 3.18). However, the existene of the dip
requires an additional struture in the self-energy below Tc. For example, this
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Figure 3.18: ARPES spetra in (a) the normal state and (b) the superonduting
state along the line Γ−M −Z, and () the superonduting state (13K) along the
line M −Y for an overdoped (Tc=87K) Bi2212 sample. The inset in () shows the
assumed Fermi surfae (urved line) together with the positions of the presented
spetra (open irles) in the Brillouin zone (Ref. [48℄).
struture an be understood in terms of eletrons interating with an energetially
sharp bosoni mode below Tc [48, 51, 52℄. Sine the dip struture appears at the
(π, 0) point, and sine the (π, 0) point an be mapped onto symmetry equivalent
(π, 0) points using a (π, π) vetor, it was speulated that this mode ould be
the resonant spin utuation mode observed in inelasti neutron sattering (INS)
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Figure 3.19: Temperature
dependent photoemission
spetra from optimally
doped Bi2212 (Tc = 91K),
angle integrated over a nar-
row ut at (π, 0). Inset: low
energy peak intensity versus
temperature (Ref. [50℄).
experiments on Bi2212 [53℄. The harateristis of the magneti resonane an be
summarized as follows [54℄: the resonane is narrow in energy, with the energy
width smaller than the instrumental resolution (typially less than 10 meV). The
resonane lies below a gapped ontinuum with the mode energy being about 40
meV for optimal doping. The resonane is strongly peaked at the (π, π) wavevetor.
The momentum width of the spin utuation spetrum is minimal at the resonane
energy. With underdoping the intensity at
−→
Q = (π, π) inreases. On approahing
Tc from below, the resonane energy does not hange, but its intensity dereases
towards Tc.
As a result, the "peak-dip-hump" spetral lineshape ould be both due to the
presene of bilayer split bands or/and interation with the bosoni mode.
3.3 Remaining problems
In previous photoemission studies on Bi2212 it was shown that in a wide range
of doping the normal state Fermi surfae has a hole-like topology entered around
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Figure 3.20: Low temperat-
ure (T = 13K) photoemis-
sion spetra of Bi2212 at the
M-point for various inident
photon angles. The solid
(dashed) line is 18
◦
(85
◦
)
from the normal. The inset
shows the height of the sharp
peak for data normalized to
the broad peak at dierent
inident angles (Ref. [25℄).
X(Y )-point in the Brillouin zone. The omplexity of the eletroni struture of
pristine Bi2212 arises from the o-existene of shadow and superstruture umklapp
bands. The Pb substitution in Bi2212 leads to the removal of the superstruture-
eets in the photoemission spetra. Two bilayer split bands formed due to the
presene of two CuO layers per unit ell were observed in pristine and Pb-doped
Bi2212. However, matrix elements as a funtion of the photon energy and polar-
ization have a strong inuene on the ARPES intensity of the bilayer split bands.
Therefore, a detailed and systemati examination of this eet is required in or-
der to ahieve a omplete understanding of the quasipartile selfenergy in these
materials.
In the superonduting state, the presene of a strongly anisotropi superon-
duting gap was onrmed by ARPES measurements. The observed momentum
dependene supports the d-wave symmetry of the gap. However, due to the pres-
ene of the bilayer splitting a further investigation of the single band gap symmetry
is neessary.
The photoemission lineshape in the viinity of the (π, 0) point below the trans-
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ition temperature was haraterized by a sharp peak, followed at higher energy by
a dip and a hump. The origin of this "peak-dip-hump" struture is still not well
understood. One of the possible interpretations of an intrinsi "peak-dip-hump"
is based on the interation of quasipartiles with a olletive bosoni mode. The
detailed inspetion of the properties of this mode, suh as its energy, momentum,
temperature and doping dependene will allow to identify the mode harater,
and, therefore, help to larify the origin of superondutivity in high-temperature
uprates.
Chapter 4
Angle-resolved photoemission
spetrosopy
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In this hapter the experimental method of angle-resolved photoemission spe-
trosopy (ARPES) [55℄, whih has been applied to probe the oupied eletroni
struture of Bi2212 is presented. In the following pages the priniples of ARPES
are explained and the equipment used is presented. The losing setion of this
hapter is devoted to a desription of the measurement and data analysis prin-
iples.
4.1 Photoemission priniples
4.1.1 Basi photoemission priniples
The priniple of a photoemission experiment is skethed in Fig. 4.1. Photons of
energy hν impinge on the sample and reate photoeletrons whih leave the sample.
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Figure 4.1: Geometry of an ARPES experiment: the emission diretion of the
photoeletron is speied by the polar (Θ) and azimuthal (φ) angles.
By olleting the photoeletrons with an eletron energy analyzer haraterized
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by a nite aeptane angle, one an measure the number of photoeletrons per
time interval and solid angle (i.e. their intensity) as a funtion of their kineti
energy Ekin and a given emission angle.
In this way, the photoeletron momentum p is ompletely determined: its
modulus is given by |p| =
√
2mEkin and its omponents parallel and perpendiular
to the sample surfae are obtained from the polar (θ) and azimuthal (φ) emission
angles.
Taking advantage of the total energy and momentum onservation laws, the
kineti energy and momentum of the photoeletron an be related to the binding
energy EB and rystal-momentum h¯k‖ inside the solid:
Ekin = hν − Φ− |EB| (4.1)
p‖ = h¯k‖ =
√
2mEkin · sinθ (cosφ nx + sinφ ny) (4.2)
Here Φ is a work funtion, reeting the fat that the photoeletron esaping
into the vauum from the sample needs some additional energy to overome the
surfae barrier; nx and ny are unit vetors whih span the sample surfae plane
(see Fig. 4.1); h¯k‖ is the omponent of the eletron rystal momentum parallel to
the sample surfae in the extended zone sheme.
Upon going to large θ angles one atually probes eletrons with k lying in
higher order Brillouin zones. By subtrating the orresponding reiproal lattie
vetor G the redued eletron rystal momentum in the rst Brillouin zone an be
obtained. It is important to note that the perpendiular omponent of the wave
vetor is not onserved aross the sample surfae due to the lak of translational
symmetry along the surfae normal. In the ase of layered ompounds like the
opper oxide superondutors, however, whih are extremely two dimensional, the
eletroni dispersion is almost exlusively determined by k‖.
4.1.2 Three-step model and sudden approximation
A more rigorous approah to desribe the photoemission proess is to proeed
with the so-alled one-step model in whih photon absorption, eletron removal
and eletron detetion are treated as a single oherent proess (overview of one-
step model see in [56℄). In this ase bulk, surfae and vauum have to be inluded
in the Hamiltonian desribing the rystal, whih implies that not only bulk states
have to be onsidered, but also surfae states, and surfae resonanes.
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However, due to the omplexity of the one-step model, photoemission data are
usually disussed within the three-step model [55, 14℄. Within this approah, the
photoemission proess is subdivided into three independent and subsequent steps:
• Optial exitation of the eletron in the bulk.
• Travel of the exited eletron to the surfae.
• Esape of the photoeletron into vauum.
The total photoemission intensity is given by the produt of three independent
terms: the total probability for the optial transition, the sattering probability
for the travelling eletrons, and the probability of the transition through the sur-
fae potential barrier. Step (i) ontains all the information about the intrinsi
eletroni struture of the material and will be disussed in detail below. Step (ii)
an be desribed in terms of an eetive mean free path, proportional to the prob-
ability that the exited eletron will reah the surfae without sattering (i.e. with
no hange in energy and momentum). The inelasti sattering proesses whih
determine the surfae sensitivity of photoemission, also give rise to a ontinuous
bakground in the spetra whih is usually ignored or subtrated. Step (iii) is
represented by a probability of transition through the surfae, whih is unity if the
exited eletron has suient energy to overome the work funtion Φ and esape
into vauum, and zero otherwise.
To evaluate the photourrent produed in the photoemission experiment one
has to alulate the transition probability wif for an optial exitation between
the N-eletron ground state ΨNi and a nal state Ψ
N
f . This an be approximated
by Fermi's golden rule:
wif =
2π
h¯
|〈ΨNf |Hint|ΨNf 〉|2 · δ(ENf − ENi − hν) (4.3)
where ENi = E
N−1
i − EkB and ENf = EN−1f + Ekin are the initial and nal-state
energies of the N-partile system, EkB is the binding energy of the photoeletron
with kineti energy Ekin and momentum k. The interation with the photon an
be onsidered as a perturbation given by:
Hint =
e
2mc
(A · p+ p ·A) = e
mc
A · p (4.4)
where A is the eletromagneti vetor potential, p is the eletroni momentum
operator. Here the dipole approximation was used together with the ommutator
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Figure 4.2: Photoemission as a three-step proess (from [55℄).
[p,A℄ = ih¯∇ ·A. Above the Drude plasma frequeny, whih is true for ultraviolet
photons, the light penetrates deeply into the solid, making this term small ( sine
A is onstant over atomi dimensions and therefore ∇ ·A = 0 ).
The next assumption is to divide the initial and nal state wave funtion into a
photoeletron and remaining (N − 1)-eletron term. This, however, is not an easy
task, espeially in the ase of strong eletron-eletron orrelations. One additional
diulty is the proess of the relaxation of the system due to the interation of
the remaining eletrons with the photoeletron and the photohole. The problem
is simplied within the so-alled sudden approximation, whih is extensively used
in many-body alulations of photoemission spetra. In this approximation, the
removal of the photoeletron is sudden and relaxation eets on the initial wave
funtion an be ignored.
Therefore the wave within the sudden approximation ould be written as:
ΨNi = AφkiΨN−1i ΨNf = AφkfΨN−1f (4.5)
where φki and φ
k
f are the wave funtions of the (photo)eletron with momentum k
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before and after optial transition, ΨN−1i and Ψ
N−1
f desribe the remaining (N−1)-
eletron system, andA is an antisymmetri operator that properly antisymmetrizes
the N-eletron wave funtion so that the Pauli priniple is satised.
The matrix elements in Eq. 4.3 an be written as:
〈ΨNf |Hint|ΨNi 〉 = 〈φkf |Hint|φki 〉〈ΨN−1f |ΨN−1i 〉 (4.6)
whereMkf,i ≡ 〈φkf |Hint|φki 〉 is the one-eletron dipole matrix element and the seond
term is the (N − 1)-eletron overlap integral.
The total photoemission intensity measured at a xed momentum k as a
funtion of kineti energy Ekin is proportional to:
I(k, Ekin) ∝
∑
f,i
|Mkf,i|2
∑
m
|cm,i|2δ(Ekin + EN−1m − ENi − hν) (4.7)
where |cm,i|2 = |〈ΨN−1m |ΨN−1i 〉|2 is the probability that the removal of the eletron
from state ΨN−1i will leave the (N − 1)-partile system in the exited state ΨN−1m .
In strongly orrelated systems many of the |cm,i|2 will be dierent from zero.
Therefore, the ARPES spetra will not onsist of single delta funtions but will be
desribed by a non-trivial funtion of both energy and momentum.
4.1.3 Spetral funtion and self-energy
The disussion above is well suited for atoms and moleules. But it annot sim-
ilarly well be applied to solids. Therefore, for a many-body system the Green's
funtion formalism has been developed. The propagation of a single eletron is
then desribed by the one-eletron Green's funtion G(r, t). By taking a Fourier
transform, it an be expressed in energy-momentum representation resulting in
G(k, ω). Consequently, the imaginary part of the Green's funtion, the so-alled
one-partile spetral funtion A(k, ω) = −(1/π)ImG(k, ω), represents the probab-
ility of adding or removing a partile from the interating many eletron system.
In a noninterating system the Green's funtion is dened by
G0(k, ω) =
1
ω − ǫk − iδ (4.8)
where ω is the exitation energy in relation to the Fermi level, ǫk is the energy of
the noninterating eletron. The spetral funtion in this ase has a δ-funtion
peak at ω = ǫk: A(k, ω) = δ(ω − ǫk)
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For an interating system the Green's funtion is similarly dened by
G(k, ω) =
1
ω − ǫk − Σ(k, ω) (4.9)
where Σ(k, ω) = Σ′(k, ω) + iΣ′′(k, ω) is the self-energy whih ontains all the
information on the interation eets. In its turn, the spetral funtion A(k, ω)
beomes a ontinuous funtion and an be written as follows:
A(k, ω) =
1
π
Σ′′(k, ω)
[ω − ǫk − Σ′(k, ω)]2 + [Σ′′(k, ω)]2 (4.10)
Therefore, Σ′(k, ω) and Σ′′(k, ω) give the energy shift and the broadening of
the noninterating energy spetrum at ω = ǫk, respetively.
For systems of interating eletrons the quasipartile (QP) onept has been
introdued. In this approah, it is assumed that the interating eletron system is
not too dierent from the non-interating one in the sense that one an map it onto
a system of only weakly interating quasipartiles (the so-alled Fermi liquid). The
QP's an then be desribed as eletrons dressed with a variety of exited states.
In the quasipartile onept, it is assumed that
|Σ′′(k, ω)| ≪ |ǫk + Σ′(k, ω)| (4.11)
whih leads to distint maxima in the spetral funtion for the energy εk =
ǫk + Σ
′(k, ω).
If one develops the denominator in Eq. 4.9 in terms of ω− εk negleting higher
terms than linear, one gets
G(k, ω) =
Zk
ω − εk + iΓ(k, ω) +Ginc (4.12)
and hene
A(k, ω) =
1
π
ZkΓk
(ω − εk)2 + Γ2k
+ Ainc (4.13)
where Zk = (1− ∂Σ′∂ω )−1 is the quasipartile spetral weight (also alled oherene
fator), εk = ǫk+Σ
′(k, ω) is a renormalized energy dispersion and Γk = ZkΣ′′(k, ω)
is a reiproal lifetime of the quasipartiles. All ontributions to the spetral
funtion whih annot be mapped onto QP are inluded in the so-alled inoherent
part of the spetral funtion Ainc.
Thus, using one again the sudden approximation, the intensity measured in
an ARPES experiment (Eq. 4.7) an be written in a following form:
I(k, ω) = I0(k, ν,A)f(ω)A(k, ω) (4.14)
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where k is the eletron momentum, ω is the eletron energy with respet to the
Fermi level, and I0(k, ν,A) is proportional to the squared one-eletron matrix
element |Mkf,i|2 and, therefore, depends on the eletron momentum as well as on the
energy and polarization of the photon. The Fermi funtion f(ω) = (e−ω/T + 1)−1
reets the fat that diret photoemission probes only oupied eletroni states.
It should be notied that in Eq. 4.14 the presene of an extrinsi bakground
and the broadening due to nite energy and momentum resolution are negleted,
whih, however, have to be arefully onsidered when a quantitative analysis of
the ARPES spetra is antiipated.
4.1.4 Matrix elements and seletion rules
As disussed above and summarized by Eq. 4.14, photoemission diretly probes
the one-partile spetral funtion A(k, ω). However, in extrating quantitative
information from the experiment the eet of the matrix element term I0(k, ν,A) ∝
|Mkf,i|2, whih is responsible for the dependene of ARPES data on photon energy
and experimental geometry, has to be taken into aount.
First, let us disuss dipole seletion rules whih arise from very general sym-
metry onstraints imposed on Mkf,i = 〈φkf |A · p|φki 〉, and whih are neessary for
the interpretation of ARPES data. Fig. 4.3 shows the photon inident beam along
a plane of mirror symmetry of the sample (M), with the detetor loated in the
same mirror plane.
In order to have a non-vanishing photoemission intensity the nal state wave-
funtion φkf must be even with respet to reetion in M: odd parity nal states
would be zero everywhere on the mirror plane and, therefore, also on the detetor
where, in reality, the photoeletron is an even parity plane wave state eikr with
momentum lying in the mirror plane.
The dipole transitions are allowed if the entire matrix element has an overall
even symmetry. This implies that |A ·p|φki 〉 must be even. Thus, two possibilities
arise. (1) For an initial state φki whih is even with respet to M, the light
polarizationA must also be even, i.e. parallel toM. (2) For an initial state whih
is odd with respet to M, A must be also odd, i.e. perpendiular toM. Finally,
the polarization onditions an be summarized as [57℄:
〈φkf |A · p|φki 〉


φki even 〈+|+ |+〉 ⇒ A even
φki odd 〈+| − |−〉 ⇒ A odd
(4.15)
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Figure 4.3: Arrangement of the photon beam and detetor in order to make use
of the photoemission seletion rules.
As an example, let us examine hybridized Cu3d− O2p initial states, as shown in
Fig. 4.4, whih have dx2−y2 symmetry at the Cu site.
These states are even under reetion in the plane dened by the (0, 0) −
(π, 0) symmetry axis and z-axis. Therefore, measurements along the (0, 0)− (π, 0)
diretion will be dipole-allowed (forbidden) if the polarization vetor A is parallel
(perpendiular) to this axis. The situation is dierent for reetion with respet
to plane formed by (0, 0) − (π, π) axis. In this ase, the dipole transitions will
be allowed (forbidden) if the polarization vetor A is perpendiular (parallel) to
(0, 0)− (π, π) axis.
Hene, the preferable polarization onditions an be seleted for photoemis-
sion measurements at high symmetry points of the Fermi surfae (right panel of
Fig. 4.4): for an antinodal point polarization should be parallel to the (0, 0)-(π, 0)
diretion, for a nodal point polarization should be perpendiular to the (0, 0)-(π, π)
diretion [58, 59℄.
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Figure 4.4: Polarization seletion rules for high symmetry diretions of the CuO
plane in real (left panel) and reiproal spae (right panel).
4.2 Experimental setup
The experimental setup for ARPES measurements an be desribed by the ow-
hart shown on Fig. 4.5. All omponents shown here have to be operated under
ultra high vauum (UHV) onditions.
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Figure 4.5: Priniple setup of the ARPES experiments.
4.2.1 Photon soures
All experimental results presented below were derived using either a He-disharge
lamp or synhrotron radiation (SR) from an undulator as a photon soure.
In the Gammadata SCIENTA V UV 5000 He-lamp the radiation from a low
pressure He-plasma generated by the Eletron Cylotron Resonane (ECR) teh-
nique is used [60℄.
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Figure 4.6: Low pressure He gas in the small avity is exited by ECR eletrons
produing high intensity VUV photons.
The ECR resonane is reated loally in a small metalli disharge avity by the
appliation of a strong permanent magneti eld perpendiular to the mirowave
eletri eld. This will fore the eletrons into irular orbits (see Fig. 4.6) with a
frequeny of 10 GHz. The mirowaves are generated by a 10 Ghz klystron amplier
with a power of 250 W. Sine eah eletron is irling around in the avity, the
probability that it will interat with a He atom before being lost to the walls is
high, despite the relatively low pressure of typially 50 mTorr. The high power
density of the soure and the high eletron temperature produe an intense photon
ux from both neutral and ionized helium.
The UV intensity emitted through an aperture is 1016 photons/sr·se, whih is
about 500 times higher than that from apillary UV soures. The ux density per
unit wavelength interval is omparable to that from undulator beam lines.
Combined with the Gammadata SCIENTA V UV 5040 toroidal grating mono-
hromator, speially designed to ollet and fous the VUV light from V UV 5000
lamp, the soure gives a pure line radiation. For example, for HeI α emission,
the FWHM is less then 1.5 meV. Other frequently used wave lengths and relative
intensities emitted by a Gammadata V UV 5000 soure are presented in Tab. 4.1.
In omparison with onventional light soures, suh as gas disharge lamps or
x-ray anodes, synhrotron radiation has a lot of advantages. Besides oering a
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Transition Short Energy (eV) Intensity (%) FWHM (meV)
2p
1
P → 1s2 1S HeI α 21.218 ≈ 87 < 1.5
3p
1
P → 1s2 1S HeI β 23.087 ≈ 8 < 1.5
2p
2
P → 1s 2S HeII α 40.814 > 5 < 2
Table 4.1: Energies and intensities for the most intense transitions of the
V UV 5000 He-lamp.
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Figure 4.7: Synhrotron radiation from bending magnet (left) and undulator
(right).
higher photon ux, it also gives a very broad range of photon energies together
with a high degree of linear polarization (for the detailed desription of synhrotron
radiation tehnology and its appliations see Ref. [61℄).
Synhrotron radiation is reated when harged partiles (eletrons or positrons,
for example), whih travel at relativisti speed (E = γmc2), are aelerated. This
is done by means of magneti elds, whih fore them to hange the diretion
of their veloity vetor to follow a irular (bending magnet) or osillatory path
(undulator). The emitted radiation is onentrated into a forward one of a small
opening angle whih is direted tangentially to the travelling path of the partiles
(Fig. 4.7), a pattern whih is drastially dierent from the dipolar radiation pattern
emitted from aelerated harges at non-relativisti speeds. A further important
feature of synhrotron radiation is that the radiation emitted in the orbital (os-
illation) plane of the harged partiles is linearly polarized with the polarization
vetor in the orbital (osillation) plane.
Synhrotron radiation from the Berlin eletron storage ring faility BESSY has
been used for the experiments desribed in this thesis. The parameters of the
undulator beamline are ompiled in Tab. 4.2.
Note that in the ase of undulator type insertion devies (ID), synhrotron
radiation emitted by eah period interferes oherently. That gives us a strongly
ollimated (θ = 1
γ
√
n
) quasimonohromati (∆λ/λ = 1/n) high intensity (I ∝ n2)
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Beamline Soure Monohromator Energy [eV℄ Resolution E/∆E
ID-13-3 U125-1 PGM 10-440 > 10
4
Table 4.2: Parameters of the undulator beamline used in this work [62, 63℄.
light soure [64℄; here γ = 1√
1−v2/c2 is a relativisti fator of aelerated eletrons
and n is a number of undulator periods (see Fig. 4.7).
To selet the photons at a xed but variable energy a plain grating monohro-
mator (PGM) with a motor driven diration grating is used and operated in the
rst diration order in whih the desired wave length λ an be hosen by the
Bragg angle θ aording to 2dsinθ = λ with d being the distane between the
lines of the grating. This nally gives a resolving power E/∆E of about 104 whih
orresponds to 2 meV resolution for 20 eV photon energy. The monohromator
is followed by the UHV experimental hamber equipped with an analyzer and
manipulator where the sample is mounted.
4.2.2 Eletron energy analyzer and detetor
In this work Gammadata SES 100 and SES 200 eletron energy analyzers with
a 2D multihannel detetion system [60℄ have been used for ARPES experiments
on two dierent experimental stations.
In both ases the eletron analyzers are eletrostati full hemispherial analyz-
ers of mean radius 100 (SES 100 for experiments with synhrotron radiation) and
200 mm (SES 200 for experiments with a He-lamp).
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Figure 4.8: A shemati piture of the hemispherial analyzer and detetor system.
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The spherial deetion analyzer auses the atual energy dispersion. It on-
sists of two onentri hemispheres (Fig. 4.8). The eletron trajetories are bent
in the radial eletrostati eld between the two onentri hemispheres with a
voltage dierene between them. For transmission of eletrons with pass energy
E0 along the path with R0 = (Rin+Rout)/2, the potential of the outer hemisphere
has to be Vout = E0[3 − 2(R0/Rout)], and that of the inner hemisphere has to be
Vin = E0[3− 2(R0/Rin)] and, thus an energy/spatial dispersion is ahieved.
The analyzer is equipped with an aelerating/retarding multi-element eletro-
stati lens system to ahieve best foussing on the entrane slit. The lens system
an be utilized in several modes of operation in dierent types of experiments.
Double µ-metal shielding ensures optimum performane even in the presene of
magneti elds.
The detetor system is responsible for the detetion of the eletrons and their
exat position in two dimensions. This makes it possible to determine their original
energy and one additional parameter: either their original spatial position (the so
alled transmission mode) or emission diretion (angular mode). The detetor
system onsists of a hevron mounted miro-hannel plate (MCP) detetor with
an eletroluminesent phosphor sreen and CCD-amera (Fig. 4.8). The MCP pair
multiplies eah inoming eletron 107 times and this eletron pulse is aelerated to
the phosphor sreen, where it produes a light ash. This is subsequently deteted
by the CCD amera. The position of the light ash exatly orresponds to the
position of the inoming eletron. This unique analyzer + detetor system gives
an energy and angular resolution of a few meV and 0.2
◦
, respetively.
4.2.3 Sample preparation
For ARPES experiments single rystalline samples of Bi2Sr2CaCu2O8 (Bi2212)
provided by Helmut Berger from the Institute of Physis of Complex Matter,
EPFL, Lausanne, Switzerland were used. The pure and lead doped Bi2212 single
rystals were grown by a self-ux method from starting oxides and arbonates
melted in an alumina ruible at ∼ 1000◦C. Dierent doping levels of the measured
samples were ahieved by hanging the oxygen ontent by means of annealing the
samples either in oxygen atmosphere for overdoped samples and in argon or helium
atmosphere for underdoped samples. Detailed information about the growth of the
single rystals an be found in the review [65℄ and referenes therein.
The plate-like rystals with a at mirror-like surfae of a typial size of about
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3×3 mm2 were mounted on the sample holders with UHV ompatible silver-loaded
epoxy with the at side of the rystals (parallel to Cu-O planes) being parallel to
the at side of the sample holder. The sample holder itself was plaed into a poket
on a two-axis rotatable ryo-manipulator, whih an be operated at temperatures
between 30 and 300K (Fig. 4.9).
j
q
Figure 4.9: Left: Typial Bi2212 sample glued on the UHV sample holder.
Right: Sample holder on rotatable ryo-manipulator.
For the surfae sensitive photoemission measurements lean rystal surfaes
have to be prepared in-situ under UHV onditions. Beause of the weak van der
Waals fores between Bi-O layers in Bi2212, it is possible to leave the rystal
by stripping o an adhesive tape stuk to the sample surfae. The quality of the
leavage planes an be judged from the Low Eletron Energy Diration (LEED)
pattern. An example of a typial LEED pattern of a pure Bi2212 single rystal is
shown in left panel Fig. 4.10.
It is well known that in the ase of pure Bi2212 the 5×1 superstruture develops
in the Bi-O layer (see for example Ref. [66, 67℄). This leads to an additional set
of features in photoemission spetra presumably originating from the sattering
of the outgoing photoeletrons on the modulated Bi-O layers [26, 27℄. The use
of the modulation-free lead doped Bi2212 samples allows us to get rid of these
superstruture spots (right panels on Fig. 4.10) and related sattering.
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Figure 4.10: LEED patterns for pure Bi2212 (left) and Pb-Bi2212 (right).
4.3 Measurements and data analysis
Usually in ARPES experiments one uses photons with a xed energy hν and
measures the number of photoeletrons per time interval and solid angle depending
on their kineti energy with the emission diretion as a parameter.
In our experimental setup, the disrimination between dierent kineti ener-
gies of the photoeletrons is done by means of an eletrostati analyzer, and the
diretion of the photoeletron momentum vetor is hosen by the azimuthal and
polar angles φ and θ of the rotatable manipulator with respet to the analyzer's
entrane slit.
Using a two-dimensional detetor it is possible to ollet simultaneously a num-
ber of eletrons diering in the emission angle along the entrane slit of the analyzer
(left panel in Fig. 4.11). This provides us with an additional momentum distribu-
tion of the measured photourrent for a given binding energy. It is thus possible
to obtain a 3D set of data: intensity as a funtion of momentum and energy (right
panel in Fig. 4.11).
Therefore, the ARPES experimental data an be presented in dierent ways.
From the measured intensity distribution I(k, ω) the so-alled energy distribution
urve (EDC) an be obtained by xing the value of momentum (i.e. utting the
data set from Fig. 4.11 parallel to the energy axis). One an also ut the same
I(k, ω) distribution parallel to the momentum axis. These uts are termed the
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Figure 4.11: Angular mode of Gammadata SES analyzer (from [14℄) and photo-
urrent from 2D detetor.
momentum distribution urves or MDC's [68℄. An MDC reets the vetor nature
of momentum and is uniquely dened by a hosen frequeny (binding energy) and
an arbitrary path in a two-dimensional k‖ spae.
The use of a olor sale to represent the intensity enables an eient presenta-
tion of the three-dimensional data set (right panel of Fig. 4.11). The result, shown
in the upper right panel of Fig. 4.12, is alled an energy distribution map (EDM).
The EDM an be thought of as an array of EDC's (or MDC's) taken along a
partiular path in the Brillouin zone within a partiular range of binding energies.
If we x a binding energy and plot the intensity with a olor-sale in series
of MDC's overing an area in (kx, ky) spae, then we arrive at a momentum
distribution map or MDM, whih represents a onstant energy surfae. The lower
right panel of Fig. 4.12 shows suh an MDM for binding energy EB = 0, also alled
a Fermi surfae map.
It is wise to note here some of the problems in analyzing EDC's and ontrast
them with the MDC's ase. First, note that the EDC lineshape is a omplex
funtion of ω for two reasons. The trivial reason is asymmetry introdued by the
Fermi funtion f(ω) whih uts o the positive ω part of the spetral funtion. The
more essential is that the self-energy has non-trivial ω dependene and this makes
the full A(k, ω) non-Lorentzian in ω as seen from Eq. 4.10. Thus, one is usually
fored to model the self energy and make ts to the EDC's. At this point, one is
further restrited by the lak of the detailed knowledge of the additive extrinsi
bakground.
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Figure 4.12: Representing ARPES data in 2D [69℄.
The MDC's have ertain advantages in studying gapless exitations near the
Fermi surfae. For k near kF we an linearize the bare dispersion ǫk ≃ vF (k−kF ) ,
where the vF =
∂ǫk
∂k
is the bare Fermi veloity. It is then easy to see from Eqs. 4.10
and 4.14 that the MDC is a Lorentzian:
(a) entered at k = kF + [ω − Σ′(ω)]/vF ; with
(b) width (HWHM) WM = |Σ′′(ω)|/vF .
Thus the MDC has a very simple lineshape, and its peak position gives the renor-
malized dispersion, while its width is proportional to the imaginary part of the
self-energy.
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The bilayer splitting (BS) predited by theoretial (LDA) alulations [32, 33℄
is the splitting of the CuO2 plane derived eletroni struture in bonding (BB)
and antibonding (AB) bands, due to presene of bilayer bloks in the unit ell.
This was reently observed in ARPES experiments for overdoped Bi-2212 as well
as for Pb doped Bi2212 (see hapter 3).
The presene of bilayer splitting requires the revision of many previous ARPES
studies of the eletroni struture in the normal and superonduting state suh as:
the superonduting- and pseudogap, the "peak-dip-hump" (PDH) line shape and
energy dispersion in the (π, 0) region, and the related self-energy renormalization
eets (antinodal kinks). This hapter is onerned with investigations of the
inuene of bilayer splitting on the superonduting gap and photoemission spetra
lineshape at the (π, 0) point for modulation free Pb doped Bi2212.
5.1 Superonduting gap in the presene of
bilayer splitting in underdoped (Pb,Bi)2212
In the light of the reently observed BS, the natural and straightforward ques-
tion appears: "how does the superonduting gap behave on both Fermi surfae
sheets?" Could it be that superondutivity in Bi2212 is sheet dependent as, for
instane, is the ase of 2H−NbSe2 [70℄ orMgB2 [71℄. Does the strong orrelation
between the so-alled range parameter (related to the hoping integral t′) and Tc
max, found reently [72℄ for nearly all hole-doped one-layer and bonding subband
of multilayer HTSC uprates, really mean that the bonding omponent plays a
more important role in superondutivity than the antibonding? What are the
gap symmetry properties for bonding and antibonding bands?
To larify these questions we determined the superonduting gaps for both
Fermi sheets. The main diulty here is to resolve separately the bonding and
antibonding bands. In Fig. 5.1 the learly visible bilayer splitting is shown on the
energy distribution map (EDM) reorded for underdoped (Tc=77K) (Pb,Bi)2212
sample along the azimuthal path (see dashed line in the inset to Fig. 5.2). This an
possibly lead to the existene of two gaps related to the bonding and antibonding
Fermi surfaes (FS). In the lower panels of Fig 5.1 three energy distribution urves
(EDC's) are shown, whih orrespond to uts loated at the numbered white dotted
lines of the EDM. Spetra 1 and 3 are taken at kF vetors determined for T > T
∗
.
Despite being very lose to one another in k-spae, they have ompletely dierent
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Figure 5.1: Energy distribution map reorded at T=40K (upper left panel) showing
the learly resolved bilayer splitting. EDC's from the k-points marked by the
white dotted lines on the EDM (lower panels). Comparison of EDC's 2 and 3 on
an expanded energy sale (upper right panel).
lineshapes from whih a superonduting gap value an be derived. EDC number 2
is from just in between the gapped sheets of the FS and therefore is not suitable for
the determination of the superonduting gap. The upper right panel on Fig. 5.1
ompares EDC's 2 and 3 in detail to illustrate how erroneous the determination
of the superonduting gap ould be if the preise k-loation is unertain. In this
ase, the peaks of the EDC's are separated by ∼10 meV and the leading edges by
∼6meV. Depending on whih method is used for the determination of the gap value
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(see below), the error ould amount to as muh as 50% of the gap value reported
before for this k-spae region. It is also easy to predit an error whih appears as
the result of the none-resolved BS due to insuient angular resolution. Summing
up EDC's from larger k-area would inevitably result in an overestimation of the
gap values sine both peak and leading edge positions of "irrelevant" EDC's are
always at higher binding energies.
In most ases, the exitation onditions whih dene the distribution of the
photourrent via matrix elements are suh that the bilayer splitting is hardly
visible. Every hange of a given exitation energy and geometry of experiment
leads to a partiular, as a rule very strong, k-dependene of the matrix elements
whih is, generally speaking, not the same for the bilayer split bands. As it has been
shown reently (see hapter 3) the key fator dening relative bonding/antibonding
intensity is the energy of the exiting photons. One an exploit these observations
and searh for suitable exitation onditions by varying the photon energy. This
was done here by using tuneable synhrotron radiation. The most onvenient
region of the k-spae for suh an exerise (in the ase of modulation free rystals)
is the viinity of the (π, 0) point ontaining the antinodal points of the normal
state Fermi surfae: here both the superonduting gap and bilayer splitting are
expeted to be largest.
In Fig. 5.2 azimuthal momentum distribution urves (MDC) are shown for the
path indiated in the inset by the double headed arrow. The MDC signal represents
integration over 1 degree of polar angle and the rst 20 meV in binding energy.
The observed variations in the lineshapes with exitation energy are dramati. If
using linearly polarized radiation of hν=21 eV or hν=38 eV emissions from the
bonding and antibonding bands are omparable, for hν=25 eV and hν=50 eV the
dominane of antibonding omponent is obvious. At rst sight, it may appear
surprising that the MDC's taken with hν=21eV and hν=21.2eV are so dierent.
The two important dierenes here are polarization and energy. Firstly, for the
former, linearly polarized light was used (E‖k‖), whereas the latter involved mainly
unpolarized radiation from a helium resonane soure. Seondly, both theoretial
and experimental studies have shown that there is a sharp loal minimum in the
matrix elements near ∼20 eV [35, 37, 58℄ and thus in this region, even a small
hange in energy ould be enough to provoke a large variation of the photoemission
signal.
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Figure 5.2: Azimuthal MDC's showing how relative intensity of the bonding and
antibonding omponents ould be tuned by hoosing a suitable exitation energy.
The inset illustrates whih parts of k-spae were probed. The vertial dotted line
shows the angular positions of the bonding and antibonding antinodal points. All
data were olleted for UD77 sample.
At this stage it is neessary to deide whih energy would be the most suitable
for the determination of the superonduting gaps related to both Fermi surfaes.
This hoie, in turn, depends on how the gap will be extrated from the spetra.
There are two widely-known approahes. The first involves tting an EDC with
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a model spetral funtion multiplied by the Fermi funtion and onvoluted with
the energy and angular resolution funtions [73℄. The advantage of this method is
that if the t is suessful, one gains aess to the absolute value of a gap. The
shortomings of this method inlude inreased error bars due to the tting proed-
ure itself and, more importantly, a lak of knowledge as regards the preise form
of the spetral funtion, thus making this approah model dependent. The second
possibility is the so-alled leading edge gap method (LEG), in whih the lowest
binding energy where the kF -EDC loses half of its maximal intensity is determ-
ined. This approah is attrative in its simpliity and preision (nowadays better
than 1 meV), and is by far the most widely applied in the HTSC ARPES literat-
ure [14, 56℄. The disadvantage is that the LEG is only a good qualitative measure
of the gap and does not give its absolute value. Now, both of these gap methods
fae a real hallenge when two separate, gapped features are in lose proximity. In
this ontext, the EDC tting proedure would benet from having both features
of equal intensity (as, for instane, is the ase when using linearly polarized 21 eV
photons, see Fig. 5.2), whereas the LEG determination would work better when the
intensity from the antibonding omponent dominates, as then the weak bonding
omponent will not strongly inuene the position of the antibonding leading edge
(see also Fig. 5.1). Sine we are interested in a omparative study of the relative
sizes and symmetries of the superonduting gaps of the two Fermi surfae sheets,
the LEG approah is the method of hoie and thus the 25 eV data are the most
appropriate to answer this question.
After having hosen the exitation energy and the gap determination method,
we are still left with the problem whih partiular EDC should be used to dene
the LEG (see Fig. 5.1).
By applying a mapping proedure allowing to over a relatively large k-spae
region, a new method of presenting information derived from ARPES spetra will
be introdued - "the map of gaps" - the momentum distribution of the binding
energies of the leading edges. It is the EDM with values of leading edge energy
instead of binding energy presented with a olor sale.
In Fig. 5.3 suh a map is shown as a grey sale image of leading edge binding
energy. Four traes of the gapped Fermi surfaes are easily seen, despite the blur-
ring of the bonding omponents as an be expeted from the relative intensities
seen in the 25 eV panel of Fig. 5.2. As a next step, the lines formed by joining
the "minimum gap loi" [30℄ were determined , whih are then shown superim-
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Figure 5.3: Left panel: map of gaps derived from the EDC's taken with 25 eV
photons at k-points within the shaded area shown in the inset to Fig. 5.2. Both
of the gapped Fermi surfae sheets are seen. Right panel: leading edge gaps as a
funtion of the absolute k-value. Zero gap orresponds to the binding energy (-7
meV) of the leading edge of the nodal kF - EDC.
posed upon the map of gaps. The LEG values along these minimum gap loi are
plotted in the right panel of Fig. 5.3. Thus, as a rst major result, these urves
unambiguously demonstrate that the superonduting energy gaps on both Fermi
surfae sheets are idential, indiating no sheet dependene of superonduting
order parameter in this ase.
Being ertain that the gaps are idential, one an take a further step in try-
ing to obtain information about their symmetry. To inrease the auray of the
measurements it is possible to redue now the inuene of one of the bands assum-
ing that both gaps have also the same k-dependene in the other part of the BZ,
i.e. monotonially derease when approahing the nodal diretion. Looking again
at Fig. 5.2 two possible andidates are the photon energies of 21.2 and 50 eV at
whih emission from the antibonding or bonding bands, respetively, is signi-
antly suppressed. As mentioned before, every experiment using linearly polarized
radiation implies partiular symmetry onditions whih uniquely dene the pho-
tourrent distribution. In uprates, due to the symmetry of the states forming the
near-EF eletroni struture, it is known that favorable onditions for the emission
along the (0, 0) − (π, π) diretion are suh that the vetor of polarization should
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be perpendiular to this diretion whereas for (0, 0)− (π, 0) diretion it has to be
parallel (see Chapter 4).
In our experimental geometry, when using linearly polarized light from the
undulator the polarization vetor is always parallel to the studied diretion in
the reiproal spae and therefore annot be equally eetive for all states at the
Fermi level. This means that to be sure not to loose the spetral weight due to
symmetry reasons (whih is espeially important when determining LEG), it is
neessary to probe every k-point with two mutually perpendiular orientations of
the polarization vetor whih is tehnially quite diult. For this reason the data
presented here were taken with 21.2 eV radiation from the helium lamp whih is
mostly unpolarized.
Preise determination of k-dependene of the superonduting gap and thus
its symmetry requires preise navigation in k-spae in order to aurately loate a
position on the (former) Fermi surfae. The ommon framework in whih to disuss
the gap symmetry is as a funtion of the angle ϕ between the (π, π)−(π, 0) line and
the (π, π)−FS diretions in the reiproal spae, where FS represents the normal
state Fermi surfae (ϕ=0◦ for M = (π, 0)-point and ϕ=45◦ for Γ = (0, 0)-point
respetively). This angle ϕ is onneted with the standard ARPES azimuthal (φ)
and polar (θ) angles via the simple relation:
cos2ϕ = (1 + ((1− η sinθ cosφ)/(1− η sinθ sinφ))2)−1, (5.1)
where η is dened by the kineti energy of the photoeletrons and the lattie
onstant (η ∼2.58 when using 21.2 eV photons).
For this purpose a map of intensity integrated within a 50 meV energy interval
is shown in Fig. 5.4(a) whih failitates identiation of the k-vetors. It should be
noted here that not only this map but also an additional Fermi surfae map taken
at room temperature overing muh larger area in k-spae were needed to assure
aurate denition of the angle ϕ. Fig. 5.4(b) shows the greysale "map of gaps".
Visual inspetion of the map of gaps already learly points to the anisotropi
harater of the gap.
One an now use two approahes to onstrut the LEG(ϕ) funtion. One
method would be to dene the path in the k-spae using, for example, maxima of
MDC's taken perpendiular to the FS and then plot the value of the LEG along
this path as a funtion of ϕ. Here the LEG(ϕ) urve is obtained using the al-
ternative "minimum gap lous" method. The same data set (Fig. 5.4 panel (b))
an be simply re-plotted in other oordinates: LEG value versus Fermi surfae
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Figure 5.4: a) Angular distribution map of the photoemission intensity integrated
within 50 meV of EF showing the lous of kF -points. b) Map of gaps derived from
the EDC's taken with 21.2 eV photons within the similar k-spae area. ) Plot of
the leading edge gaps as a funtion of the angle around the Fermi surfae. The
red symbols are the data from panel (b), dotted lines in both (b) and () show the
minimum gap lous and orresponding LEG values respetively, the solid line in
() is the simple d-wave gap funtion ∆(ϕ) = ∆max|cos(2ϕ)|.
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angle (Fig. 5.4 panel ()). This gives the open irle symbols shown in Fig. 5.4().
The urve joining the low-gap extremity of these data points represents the true
k-dependene of the superonduting LEG, and is shown as a dotted line on
Fig. 5.4(). In this way, these extremal LEG values orrespond to the points
on the "minimum gap lous" dotted line in panel Fig. 5.4(b).
From the omparison shown in Fig. 5.4(), it is lear that the obtained k-
dependene of the LEG for these UD77K rystals is quite dierent from that
expeted in the ase of a simple d-wave gap funtion cos(kx)− cos(ky). The most
striking dierene is that the gap behaves muh atter around the node resulting in
a "U"-like shape rather than "V"-shape for the LEG(ϕ) funtion. Keeping in mind
that the LEG is only a qualitative measure of a real gap it is ruial to understand
to whih extent the LEG(ϕ) funtion reprodues the main features of a real gap
funtion. Aording to the numerial simulations [74℄ the measured binding energy
of the nodal kF -EDC leading edge (-7 meV) orresponds to the gapless spetral
funtion. In other words, the results are onsistent with the d-wave symmetry of
the superonduting gap as disussed above.
It was also shown [74℄ that due to temperature eets the LEG method traks
the real gap with an unertainty of the order of 2 meV (for the given experimental
onditions) when the orresponding absolute values of the real gap are of the same
order. This last remark gives nite probability that a nodal "usp" an be present
in the real gap funtion (although muh more at than is required by the values
of the simplest d-wave funtion).
The observed partial suppression of the superonduting gap with respet to
the simplest d-wave expetations in underdoped sample is in qualitative agreement
with previous ARPES results (see hapter 3). The numerial simulations [74℄ show
that the relation between the LEG and the real gap funtion is nontrivial and
model-dependent. Therefore, quantitative information annot be extrated here.
However, following the authors of Ref.[45℄, the observed behavior ould be ex-
plained by invoking higher harmonis of the gap onsistent with d-wave symmetry:
∆(ϕ) = ∆max[Bcos(2ϕ)+(1−B)cos(6ϕ)], with 0 ≤ B ≤ 1. The t of the LEG(ϕ)
funtion shown in Fig. 5.4() near the node using an additional cos(6ϕ) term yields
the weight of this harmoni of 27% as ompared to the weight of the main cos(2ϕ)
term. It should be noted that the cos(6ϕ) term in the Fermi surfae harmonis
is related to the tight-binding funtion cos(2kx) − cos(2ky), whih represents the
next nearest neighbor interation, just as cos(2ϕ) is losely related to the nearest
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neighbor pairing funtion cos(kx)− cos(ky). Therefore, the presene of this higher
harmoni is probably onneted with an inreased strength of the pairing inter-
ation in underdoped ompounds due to redued sreening as one approahes the
insulator (see also [75℄, [76℄).
5.2 ARPES spetral line shape in the (π, 0) region
As was shown above, the exitation energy has a strong inuene on the pho-
toemission spetral lineshape. In the region of the (π, 0) point of the Brillouin
zone (BZ), where the bilayer splitting (BS) has the maximal value the most dra-
mati hanges in the spetral line shape were previously observed (see hapter 3).
Therefore, the next step in larifying the inuene of this splitting on the ARPES
results is to investigate in detail how matrix elements depend on photon exitation
energies for both bonding and antibonding bilayer bands.
5.2.1 Overdoped (Pb,Bi)2212
To answer this question a olletion of superonduting state (π, 0) photoemission
spetra for overdoped (Tc = 69K) (Pb,Bi)2212 was reorded using dierent exita-
tion energies hν (18-65 eV). The blak lines in Fig. 5.5 show the experimental data
and the red lines represent the results of a tting proedure whih is desribed
below. Upon visual inspetion of the raw experimental data in Fig. 5.5, it is evid-
ent that the PDH lineshape an no longer be onsidered to be the result of single
band spetral funtion with a sophistiated self-energy as it was suggested earlier
[25℄. In spite of the fat that at some exitation energies (e.g. 20 eV) all three
omponents (peak, dip and hump) are present, there are also photon energies at
whih there is virtually no dip (25 or 42 eV), no hump (50 eV) or even no peak
(39 eV). A further, rm onlusion whih an be made from inspetion of the raw
data alone, is that the hump itself annot be onsidered as a feature appearing
at a xed binding energy for all hν (ompare the EDCs for hν 20 and 37 eV, for
example). For further analysis a tting proedure has been applied.
Taking into aount the bilayer splitting (BS), a two-peak tting proedure
has been applied to analyze hanges in the line shape. The results are shown on
Fig. 5.5. The measured photourrent I(ω) in this ase an be written as a sum
of two spetral features with dierent binding energies εb and εa (for bonding
and antibonding bands, respetively) and with idential single partile spetral
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Figure 5.5: The (π, 0) photoemission spetra from the superonduting state of
an overdoped (69K) sample for dierent exitation energies: the blak lines show
the experimental data and the olor lines represent the results of two-peak tting
proedure whih is desribed in the text.
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funtion A(ω):
I(ω, hν, T ) ∝ [(Ma(hν)A(ω, εa, T ) +Mb(hν)
×A(ω, εb, T ))f(ω, T )]⊗ Rω(hν) +B(ω, T ), (5.2)
A(ω, ε, T ) ∝ |Σ
′′(ω, T )|
(ω − ε)2 + Σ′′(ω, T )2 , (5.3)
where
f(ω, T ) =
1
(1 + exp(−ω/T )) (5.4)
is a Fermi funtion, Rω(hν) is the experimental resolution, and
B(ω, T ) ∝ (1 + bω2)f(ω −∆bg(T ), T + Tb) (5.5)
is a bakground, whih was approximated (assuming it to be k-independent) by
taking EDC's from the (π/2, π/2) point in the empirial form with b = 1 eV−2,
∆bg(30 K) = 5 meV and Tb = 90 K.
In Fermi liquid (FL) theory, the quasipartile damping near the Fermi surfae
behaves as 1/τ ∝ ω2 or (πT )2, whihever is larger. This gives rise to a ω2(T 2)
behavior of the imaginary part of the self-energy [77℄. However, the t ontaining
the Fermi liquid self-energy shows a signiant disagreement with the experimental
EDCs (see Fig. 5.6a). While the superposition of FL-based spetral funtions well
reprodues the "peak-dip-hump" lineshape and perfetly t the low energy peak,
it does not t the high energy hump.
Thus, for quantitative analysis a non-Fermi liquid self-energy is required. It
was found, that the variety of unusual properties of high-temperature uprates
(see hapter 3) are onsistent with an anomalous form for the quasipartile life-
time 1/τ ∝ max(ω, T ), desribed by the so-alled marginal Fermi liquid (MFL)
theory [78℄. In the ase of the marginal Fermi liquid the renormalized imaginary
part of self energy an be written as
Σ′′(ω, T ) =
√
(αω)2 + (βT )2 (5.6)
The parameters α = 1.1(1) and β = 2 were taken lose to the values derived from
a similar analysis of the EDC's measured along the (0, 0)− (π, π) diretion [69℄.
If for simpliity, one assumes the renormalization of the quasipartile energy
by a fator λ:
Σ′(ω) = −λω + o(ω3) (5.7)
5.2. ARPES spetral line shape in the (π, 0) region 65
0.50.40.30.20.10.0
b)
0.50.40.30.20.10.0
a)
In
te
n
sit
y 
(ar
b.
 
u
n
its
)
Binding Energy (eV)
Figure 5.6: hν = 20 eV overdoped
Pb-Bi2212 (Tc = 69K) photoemission
spetra (blak line) together with the
Fermi liquid (a) and marginal Fermi li-
quid (b) based t (red line). Blue and
green lines present ontributions from
the peak and hump, respetively. The
grey line shows the experimentally ob-
tained bakground (see text for details).
with (λ >0, ω >0), then suh a renormalization an be handled by a simple saling
proedure: ε/(1 + λ)→ ε, Σ′′/(1 + λ)→ Σ′′, (1 + λ)A→ A.
This resulting marginal Fermi liquid (MFL) theory based t gives the best
agreement with experiment (see Fig. 5.6b). The FWHMs of the resolution Gaus-
sians Rω(hν) were determined for eah value of photon exitation energy from
measurements of the Fermi edge of polyrystalline gold.
The tting omponents are shown beneath eah spetrum as thin solid lines:
grey lines represent the bakground, green and blue lines represent the photour-
rent from the "bonding" and "antibonding" bands, respetively.
Before going further, three points an be stated :
(i) The position of the renormalized band ε, indiated in eah t as a solid
vertial line, does not oinide with maxima in the EDCs, ωm. This is learly seen
for the 'bonding' peak where ω ≫ T and one an evaluate ε = ωm
√
1 + α2, or
alternatively, for the bare band position one an write:
εbare = (1 + λ)ε (5.8)
(ii) Although the superonduting gap ∆ an be inluded into the dispersion,
with ε then beoming
√
ε2 +∆2, ∆ annot exeed the εa value for the antibonding
band giving rise to the low energy feature. As will be desribed below, εa is 11
meV, whih is lose to ∆ derived in the weak-oupling BCS sheme for the given
Tc.
66 Chapter 5. Bilayer splitting in Bi-2212
1.4
1.2
1.0
0.8
0.6
0.4
0.2
0.0
 antibonding 'peak' (11 meV)
 bonding 'hump' (154 meV)
1.0
0.8
0.6
0.4
0.2
0.0
6050403020
Excitation energy (eV)
 antibonding 'peak' (11 meV)
 bonding 'hump' (150 meV)
 3rd feature (75 meV)
 
In
te
ns
ity
 p
re
fa
ct
or
s 
(ar
b. 
un
i.)
Figure 5.7: The intensity prefators Ma, Mb and Mc as funtions of exitation en-
ergy for a two-peak (upper panel) and a three-peak (lower panel) tting proedure
for an overdoped (Tc = 69 K) sample.
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(iii) The model upon whih the t is based, and in partiular the self-energy
funtion, represents only one hoie from myriad possibilities. In the low energy
region superondutivity has been assumed having no eet on Σ′′, and no oupling
to any low-energy bosons was taken into aount. Given that the spetral form
of feature
′a′ depends upon the low-energy properties of the self-energy funtion,
and that the width of this narrow feature is partially determined by the resolution,
it is not possible to extrat reliable information on the low-energy behavior of Σ′′
from the t. On the other hand, from the spetral form of feature
′b′, one an
obtain reliable information on the high-energy behavior of the self-energy funtion.
The t indiates that Σ′′ at higher binding energies is linear in ω, not only at the
antinodal point along the diagonal of the BZ [69℄, but also that this behavior is a
good approximation for higher binding energies at the (π, 0) point. Here it should
be emphasized again that the spetra annot be tted with omparable auray
using a onventional Fermi-liquid self-energy Σ′′ ∝ ω2.
The tting proedure was done as follows: as a rst step, the parameters α =
1.1(1), εa = 11(1) meV, εb = 154(4) meV were determined using the ts of the
spetra with hν=19, 20 and 21 eV, and then all other spetra were tted using
only two free parameters: Ma and Mb. These quantities - whih will be direted to
in the following as 'matrix elements' - are presented in the upper panel of Fig. 5.7
as funtions of hν. This dependene learly shows that the global assignment of
the peak and hump in the PDH spetra to two dierent eletroni states is fully
justied. However, it should be stated that as there was no hν for whih either
Ma or Mb were exatly zero, it annot be exluded that eah individual spetral
funtion has a small, intrinsi PDH-like lineshape.
Turning bak to Fig. 5.5, one an easily notie that while at some of the exita-
tion energies (18-30, 50 and 65 eV) the two-band t is very good, at other energies
there are small deviations within the binding energy range from 50 to 100 meV.
These deviations are photon energy dependent and thus annot be explained by
any kind of an hν independent self-energy. This implies the presene of a third
feature in these spetra residing at a binding energy of about 75 meV with about
50 meV FWHM. The question then arises as to whether this third feature is related
to either the bonding or antibonding band, or whether it is 'extra'.
In order to larify this point all the (π, 0) EDCs were tted inluding three non-
bakground omponents (Fig.5.8). Suh a three-omponent t perfetly oinides
with the experimental data for all photon energies and gives the following positions
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Figure 5.8: The (π, 0) photoemission spetra from the superonduting state of an
overdoped (69K) sample for dierent exitation energies: the blak lines show the
experimental data and the olor lines represent the results of three-peak tting
proedure.
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for the bands: εa = 11(1) meV, εb = 150(4) meV, εc = 75(5) meV, where the 
designates the 3rd feature. The hν-dependene of orresponding matrix elements
Ma, Mb and Mc are shown in the lower panel of Fig. 5.7.
The fat that the Ma(hν) and Mb(hν) funtions exhibit pratially the same
form for both the 2 or 3-omponent ts shows that this result is robust with respet
to the introdution of the 3rd peak. Consequently, Fig. 5.7 provides two piees of
evidene that exatly these two features are originated from the split CuO band:
(1) the hν-average values of Ma and Mb are omparable (Mb / Ma = 1.2) as
ould well be expeted from a pair of bands of the same atomi harater split by
the -axis bilayer oupling while the average value for Mc is muh smaller (Mb /
Mc = 2.9);
(2) the hν-dependenies of Ma and Mb are in a good agreement with reent
alulations [35, 37℄ as regards the minima at 20 and 28-30 eV, the maxima at 18
and 23 eV, the a band minimum at 40 eV, as well as the relative intensities of these
bands in the 30-40 eV range.
Further support for this assignment omes from the fat that the energeti
separation between the renormalized band positions is about 140 meV, whih leads
to a dierene between the peak maxima in the EDCs of 65-85 meV, in agrement
with the normal state splitting observed reently [38℄, or to a dierene in the
bare band positions of about 300 meV whih is onsistent with the results of the
tight-binding alulations [79℄.
An additional evidene for the fat that 'peak-dip-hump' lineshape is due to
the bilayer splitting omes from the temperature dependene of the measured
dispersion. The series of EDCs along the (0, 0)− (π, 0) diretion above and below
Tc are shown in Fig. 5.9. By hoosing the spetra with exitation energy hν =
21.2 eV (at whih the 3rd feature is weak) it is easy to observe the onventional
dispersion of the both 'peak-dip-hump' forming bands. The bonding band mainly
determines the position of the room temperature EDC's maxima, whereas the
maxima of the low temperature spetra indiate the position of the antibonding
band. Both bands have a dispersionless region in viinity of (π, 0) point as it is
predited by band struture alulations (see for example Ref. [74℄).
Therefore, the temperature, like polarization or variable exitation energy, an
also be used to ontrol the relative intensities of the the bonding and antibonding
omponents. At 300 K the atual amplitude of the antibonding peak is muh loser
to the Fermi level than the bonding one and therefore:
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Figure 5.9: The energy distribution maps and series of EDCs of an overdoped
(69K) sample, self-normalized to its maximum, along the (0, 0)− (π, 0) diretion
in the BZ for 300K (left panels) and 39K (right panels).
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(I) is more strongly inuened by temperature (see Eq. 5.2 and Eq. 5.3),
(II) is strongly ut by the Fermi funtion (Eq. 5.4),
(III) has twie smaller matrix element (see Fig. 5.7).
As a result it has notieably lower amplitude than the bonding peak whih
mainly determines the position of the room temperature EDC maxima.
Figure 5.10: The EDCs of an overdoped (69K) sample at (π, 0) point in BZ for
normal (T=300K) and superonduting (T=38K) state: experimental data and a
simulated spetra.
The substitution of the given temperatures into Eq. 5.2 gives a good oinidene
with the experimental spetra. In Fig. 5.10 the experimental data are shown
together with the simulation, were the same set of parameters was used exept
the temperature. It should be stressed here, that the bonding band is present in
the low temperature spetra giving rise to the hump in 'peak-dip-hump' spetral
lineshape at (π, 0) point (left panel in Fig. 5.9).
5.2.2 Underdoped (Pb,Bi)2212
A similar photon energy dependene of the (π, 0) spetra lineshape was observed
for an underdoped (Tc = 77K) (Pb,Bi)2212 sample (Fig. 5.11). At rst glane, a
omparison of these raw experimental data with analogous data from overdoped
(Pb,Bi)2212 (Fig. 5.5) immediately suggests a similar senario - the PDH line
shape is strongly exitation energy dependent and therefore annot be onsidered
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Figure 5.11: The (π, 0) photoemission spetra from the superonduting state of
an underdoped (77K) sample for dierent exitation energies: the blak symbols
show the experimental data and the olor lines represent the results of the tting
proedure whih is desribed in the text.
5.2. ARPES spetral line shape in the (π, 0) region 73
0.8
0.6
0.4
0.2
0.0
In
te
ns
ity
 p
re
fa
ct
or
s 
(ar
b. 
un
its
)
6050403020
Excitation energy (eV)
 antibonding 'peak' (20 meV)
 bonding 'hump' (260 meV)
 3rd feature (120 meV)
Figure 5.12: The intensity prefators Ma, Mb and Mc as funtions of exitation
energy for the three-peaks tting proedure for an uderdoped (Tc = 77 K) sample.
as originating from a single omplex spetral funtion.
One easily noties the varying relative intensity of the low-energy (peak) and
the high-energy (hump) features whih ould be naturally assumed to be the on-
sequene of the dierent emission probability (matrix elements) from the separate
bands as disussed above. Moreover, the exitation energy dependene of the
relative intensities qualitatively agrees with the one observed in the overdoped re-
gime, as one an intuitively expet for the split pair of bands of the same atomi
harater.
However, a loser inspetion of Fig. 5.11 reveals that there is an important and
notieable dierene with respet to the data from overdoped rystals. While the
overdoped data sets were haraterized by the fat that a signiant number of
spetra exhibited no dip in the lineshape at all, suh smooth, 'dip-less' spetra are
remarkable by their absene in the underdoped data. Every spetrum in Fig. 5.11
possesses either a dip or a plateau feature (e.g. hν =29 eV and hν =50 eV spetra)
whih separates the high and low energy parts of the spetral prole.
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To go beyond this qualitative desription the t of the (π, 0)-spetra with three
features (plus a bakground) was done as for the overdoped ase. The only dier-
ene in the tting proedure whih was applied here for the underdoped ase was
an energy shift of the binding energies by the gap value of ∼20meV to aount
for the substantially larger gap. In Fig. 5.12 the photon energy dependene of the
intensity prefators of eah of the three omponents of the t, Ma, Mb and Mc is
plotted.
There is a global agreement between the behavior of the matrix elements of the
'hump' and 'peak' in the underdoped and overdoped samples. This immediately
indiates that all arguments regarding the assignment of these features to the
bonding and antibonding bands in the overdoped regime are fully appliable here:
on the "large sale" the PDH line shape is due to a superposition of these two
omponents. What is really dierent between Figs. 5.7 and 5.12 is the behavior of
the third feature of the t (Mc). While in the overdoped aseMc is relatively small
and its energy dependene barely traks that of either of the other two features, in
the underdoped ase one learly sees a striking similarity between Ma and Mc, i.e.
between the 'peak' and the third feature. Suh a lose similarity implies that these
two features are omponents of the same, single spetral feature whih possesses
a more omplex lineshape. Thus, these data provide evidene for a variation of
the quasipartile self-energy in HTSC as a funtion of doping. Suh hanges are
extremely important to understand the properties of HTSC as they might also
allow insight into the mehanism whih auses superondutivity. The origin of
the observed hanges will be laried in the next hapter.
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In the previous hapter, it was shown that the emission from the bonding and
antibonding bilayer split band is onsistently photon energy dependent. This now
harbors the intriguing possibility to study the related quasipartile properties of
a partiular band by simply hoosing the appropriate exitation onditions. The
following hapter is devoted to the analysis of intrinsi quasipartile properties.
6.1 Intrinsi peak-dip-hump
As an be seen from Figs. 5.7 and 5.12, the matrix element for photoeletron
emission from the bonding band has a loal minimum for both doping levels at hν
= 29 eV and 50 eV. Keeping in mind that the bonding band lies muh deeper in
energy than the antibonding band, this eet is further multiplied by the strong
broadening indued by the frequeny-dependent self-energy. Thus, for 29 and 50
eV photon energies, the ontribution of the bonding band to the (π, 0) spetral
lineshape is vanishingly small. Consequently, one an onsider the spetra meas-
ured with these photon energies as originating from the antibonding band and,
therefore, examine their lineshape in terms of a single spetral funtion.
In Fig. 6.1 the orresponding spetra (hν = 29 eV (a) and hν = 50 eV (b)) from
the underdoped (Tc = 77K) sample are ompared with the hν = 50 eV () spe-
trum from the overdoped sample (Tc = 76K). The dierene between the spetra
from the two doping regimes is very lear: both EDCs from the underdoped sys-
tem possess plateau or dip-like features, whereas the overdoped sample evidently
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Figure 6.1: EDCs taken at (π, 0) using 29 and 50 eV exitation energies at whih
the ontribution of the bonding states to the lineshape is negligible, thus unmasking
the 'intrinsi' lineshape of the antibonding omponent.
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exhibits a single omponent lineshape. Sine the eets of the bilayer splitting
an be eetively exluded, the lineshape seen in Figs. 6.1 (a) and (b) must be an
intrinsi property of the spetral funtion of the antibonding Cu-O band in the
underdoped regime.
The peak-dip-hump lineshape of a single band was disussed previously in terms
of a oupling between the eletrons and a olletive mode (see hapter 3), whereby
anomalies are expeted in the eletroni spetrum at energies where the probability
for boson-mediated sattering of the eletrons is maximal (see Fig. 6.2).
The mode energy an be read o from the energeti separation between the
peak and the 'dip' (or plateau) in the ARPES lineshape [52℄. In this ase the mode
energy is at about 40 meV.
The next step, then, is to determine whether the observed anomaly is linked
to the superonduting state. Firstly, the temperature dependene of the (π, 0)
spetrum from an underdoped sample was reorded using the photon energy hν =
55 eV when the spetra represent the antibonding band (left panel of Fig. 6.3).
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Figure 6.2: The qualitative model of the oupling between eletrons and a bo-
soni mode in normal (a) and superonduting (b) state [80, 81℄. The dashed line
exhibits a bare band dispersion, solid line shows the band dispersion renormalized
due to the oupling. The singularity in dispersion ours at energy |ω0+∆|, where
ω0 is a olletive mode energy and ∆ is an energy of a superonduting gap.
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Figure 6.3: Temperature dependene of the peak-dip-hump struture at the (π, 0)
point in the under- and overdoped ases.
The dip (plateau) disappears approximately at Tc, whih indiates its intimate
relation with superondutivity. The right panel of the same Figure shows the tem-
perature dependene of the "lassi" peak-dip-hump from the overdoped sample
reorded using the "traditional" hoie of hν = 21 eV photons. At this doping
level, the peak-dip-hump lineshape persists well above Tc, whih is fully onsistent
with previous experiments [82, 83℄ and the framework disussed above in whih
the peak-dip-hump lineshape in the overdoped regime is aused by a superposition
of the bonding and antibonding bands (Fig. 6.4a).
Returning to Fig. 6.1, it would be, of ourse, tempting to onlude that the
EDCs imply a strong doping dependene of the mode or of the oupling strength.
However, as mentioned before, energeti loations of the bonding and antibonding
bands hange with doping. The onsequene is that the antibonding band then
is simply too lose to the Fermi level to be strongly inuened by the mode [82℄,
implying in its turn that the mode itself is sharply loalized in energy (gray ribbon
in Fig. 6.4b).
As a result, the "peak-dip-hump" spetral lineshape is due to the superposition
of the bonding and antibonding bands, eah of them, in their turn, an have an
intrinsi dip feature due to the oupling with the olletive mode.
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Figure 6.4: The peak-dip-hump line shape at (π, 0) point as a superposition of the
bonding and antibonding bands (a); eah of them an have an intrinsi feature due
to the oupling with the mode (b). The depited band struture was alulated
using the tight-binding parameters from Ref. [74℄, the gray ribbon indiates the
mode energy
6.2 Doping dependene of the oupling
As was shown above, oupling to a bosoni mode an give rise to the intrinsi
peak-dip-hump lineshape in the ARPES spetra in the superonduting state of
underdoped high temperature superondutors. The properties of this bosoni
mode ausing feedbak eets in the eletroni states an be analyzed by studying
the photoemission spetra in a large range of dopant onentrations and temper-
atures.
6.2.1 Separation of the bonding and antibonding band
In order to be able to analyze the doping dependene of the oupling to the bosoni
mode the energy distribution maps (EDMs) taken along (π, π)− (π, 0)− (π,−π)
uts were measured for overdoped, optimally doped and uderdoped Pb-Bi2212
samples (Fig. 6.5).
As disussed above (see Figs. 5.7 and 5.12) and supported by theoretial alu-
lations [35, 37℄, due to matrix element eets the data taken with hν = 38 eV (left
olumn in Fig. 6.5) represent mainly the bonding band with some ontributions
from the antibonding band, while the data taken with hν = 50 (or 55) eV have
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Figure 6.5: The energy distribution maps along the (−π, π)− (π, π) diretion for
over-, optimally and underdoped Pb-Bi2212 taken at T=30 K (upper 3 rows) and
T=120 K (fourth row). Left olumn: photon energy hν=38 eV. Middle olumn:
hν=50 eV. Right olumn: subtration of the latter from the former yielding the
spetral weight of the bonding band (see text for details).
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almost pure antibonding harater. The subtration of the latter from the hν = 38
eV data represents almost the pure bonding bands. This was performed by saling
the hν = 50 eV spetral weight in suh a way that at the (π, 0) point no negative
intensity ourred (right olumn in Fig. 6.5).
The olletion of EDMs shown in Fig. 6.5 is an important and ompletely new
set of ARPES data. They over the (π, 0) region in a wide doping range starting
from the overdoped (Tc = 69K) to the underdoped ase (Tc = 77K) for photon
energies whih dierently selet the two bilayer-split bands. In the superonduting
state the data taken with hν = 38 eV (left olumn) show strong hanges upon
reduing the dopant onentration. First, for the overdoped regime, the bilayer
split bands are resolved giving rise to the 'large sale' (π, 0) peak-dip-hump (see
previous hapter). On going to the underdoped rystals, a qualitatively dierent
piture emerges. The data from the superonduting state (third row) appear to
look very puzzling, the two bands merge into one sharp and dispersionless feature
loated at 20-30 meV followed by an interval between 60 and 70 meV in whih
the spetral weight is strongly suppressed. Suh a dierene in behavior ompared
with the overdoped ase an be attributed to the larger value of the gap and to an
apparent stronger renormalization of the bands in the underdoped regime, both
of whih hamper the visual resolution of the bilayer splitting in this region of k-
spae. The data olleted above Tc (bottom row) for the same underdoped sample
substantially larify the situation: the piture is now remarkably similar to that
of the overdoped ase, with the two bilayer-split omponents being learly seen.
Using the exitation photon energy dependene of matrix elements together
with the subtration proedure desribed above, one learly reognizes that in
the whole doping range and even in the UD samples the antibonding and the
bonding bands an be well separated (middle and right olumn in Fig. 6.5). For
the bonding band the strong renormalization in the superonduting state auses
the sharp bending of the eletron dispersion below the superonduting gap - the
so-alled "kink". This bending of the dispersion ould be well understood from a
qualitative model in Fig. 6.2. While for the higher binding energies the eletron
dispersion has mostly unperturbed harater, for the energies below the |ω0 +∆|
the strong renormalization due to the oupling with the mode is ours. The
value of the "kink" an be used for the evaluation of the oupling strength (see
setion 6.2.2). With underdoping the bonding band moves further and further
below the Fermi level and the renormalization strongly inreases as indiated by
82 Chapter 6. Coupling to a bosoni mode
a b
Figure 6.6: hν = 55 eV energy distribution maps (a) representing the antibonding
band dispersion for a UD77 Pb-Bi2212 sample taken at dierent points in the k-
spae in the superonduting state (T=30K). (b) Sketh of the FS together with
positions of every seond EDM indiated by the double-sided red arrows.
the appearane of a at dispersion below the gap energy (right olumn in Fig. 6.5).
The antibonding band has a similar renormalization enhaned with underdop-
ing. For both bands the observed attening of the dispersion is strongly loalized
in viinity of the (π, 0) point as one an see most learly for the antibonding band
in Fig. 6.6.
Here the energy distribution maps for an underdoped Pb-Bi2212 sample were
plotted along the uts parallel to (π,−π) − (π, 0) − (π, π), going along the Γ −
M diretion from the M = (π, 0) point towards Γ-point in the seond Brillouin
zone (Γ2 = (2π, 0)) as shown in Fig. 6.6b. The data learly show that in the
superonduting state (T = 30K) the two antibonding bands related to the two
neighboring barrels of the Fermi surfae merge in the one undispersive feature at
viinity of the (π, 0)-point.
Small hanges in the dispersion of the bonding band in the antinodal (M −X)
diretion, omparable with one for the nodal (Γ − X) [84℄, have been observed
before in overdoped samples [85℄, but this is the rst time where a total 'wipe-
out' of the spetral weight at energies some 30-40 meV below the superonduting
gap near the (π, 0) point has been shown for underdoped HTSCs. It is essen-
tial that this dramati dierene in the spetra orresponding to both bonding
and antibonding band argues for a strong doping dependene of the feedbak ef-
fets aused by the bosoni mode and thus for an anomalous enhanement of the
oupling strength upon underdoping.
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6.2.2 Analysis of the oupling strength
It is tempting to arry out the analysis of the oupling strength in a quantitative
sense. For the quantitative analysis, the value of the oupling strength onstant
λ = −∂Σ′(ω)
∂ω
an be evaluated using two methods.
For a steep dispersion, as in the ase of overdoped samples (left panel in
Fig. 6.7), one an t momentum distribution urves and obtain a dispersion from
the MDC peak positions. Considering the ratio of the bare Fermi veloity value
vbF to the Fermi veloity v
sc
F in the superonduting state, one an alulate the
oupling strength onstant (or remormalization parameter) λ.
1 + λsc =
vbF
vscF
(6.1)
The bare Fermi veloities were taken from a previous analysis of the Fermi
veloity in the nodal diretion, based on a Kramers-Kronig analysis of the width
of the MDC dispersion, inluding tight-binding bandstruture alulations [74℄.
The obtained values of about 3eVÅ are lose to those derived from the analysis
of the anisotropi plasmon dispersion [86℄ and obtained from LDA bandstruture
alulations [34℄.
Figure 6.7: Left: the subtrated energy distribution map and the bonding band
dispersion obtained from the MDC maxima positions (blue points) together with
the resulting t (red solid line). Right: MDC and two-Lorentzian t for maxima
determination (see text for details).
For a at dispersion, as in the ase of underdoped samples (left panel in
Fig. 6.8), one an t the energy distribution urves with a Gaussian and obtain a
dispersion from the EDC peak positions.
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Figure 6.8: Left: the subtrated energy distribution map and the bonding band
dispersion obtained from the EDC maxima positions (blue points) together with
the resulting t (red solid line). Right: EDC and Gaussian t for maxima determ-
ination (see text for details).
Then the dispersion ω(k) in the viinity of the gap an be approximated by
the BSC-like expression:
ω(k) =
√
ǫ2k +∆
2
(6.2)
where ω(k) is experimental band energy, ∆ is the superonduting gap and ǫk is
the renormalized band dispersion whih is given as:
ǫk =
ǫbk
1 + λ
(6.3)
where λ is a renormalization parameter, and ǫbk is a bare dispersion.
In viinity of the Fermi level (k → kF ) the bare dispersion ǫbk an be approx-
imated as following:
ǫbk =
∂ǫbk
∂k
(k − kF ) = vbF (k − kF ) (6.4)
where vbF is the Fermi veloity of the bare partiles without dressing (see hapter 4)
and kF is the Fermi wave vetor. Finally, the band energy in respet to the Fermi
level an be written as follows:
ω(k) =
√√√√(vbF (k − kF )
(1 + λ)
)2
+∆2 (6.5)
The experimental band energy dispersion obtained as positions of the EDC
maxima then an be tted aording to the proedure desribed above, using a
xed value for the bare Fermi veloity vbF = 3 eVÅ alulated using the tight-
binding parameters from Ref. [74℄ and varying ∆ and λ in the t.
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Figure 6.9: Energy distribution maps and the bonding band dispersions derived
from MDC maxima positions (blue points) together with the linear t (solid red
line) to obtain vnsF .
In the superonduting state (Tc = 30K) the values for λ were obtained by ts
of ω(k) given by Eq. 6.5 to the experimental EDC dispersions of the bonding band.
This also gives the values of the superonduting gap ∆ equal to 30, 22 and 16
meV for UD77, OP89 and OD69 samples, orrespondingly. The λ values for the
same samples were as well derived from the ratio of bare Fermi veloity value vbF to
the Fermi veloity vscF in the superonduting state using Eq. 6.1. Both methods
give omparable results as one an see in Fig. 6.12.
In the normal state, (T = 120K) where steeper dispersions are observed for
UD77 and OD81 samples, similar values of λ ≈ 1.25 were also derived from the
ratio of the bare Fermi veloity value vbF to the normal state Fermi veloity v
ns
F ,
obtained from the linear t of the experimental MDC dispersion of the bonding
band in the viinity of the Fermi level (Fig. 6.9). These values also plotted in
Fig. 6.12.
For the antibonding band reliable values for λ ould be only obtained for an
underdoped sample sine there this band is found well below the Fermi level
(Fig. 6.10). In this ase the experimental EDC dispersion was tted aording
to the desribed above proedure with ∆ and λ as free parameters and a bare
dispersion alulated using the tight-binding parameters from Ref. [74℄:
ω(k) =
√√√√( ǫTB(k)
(1 + λ)
)2
+∆2 (6.6)
By using this approah and the dataset shown in Fig. 6.6, the oupling strength
onstant λ of an antibonding band an be evaluated for dierent Fermi surfae
86 Chapter 6. Coupling to a bosoni mode
Figure 6.10: Dispersion of the antibonding band near the antinodal point in
an underdoped Pb-Bi-2212 sample at T=30K (left) and at T=120K (right) as
derived from the EDCs (blue points) together with the t (red solid line) and the
bare eletron dispersion (blak points)
rossing positions
~kF or radial ~k-distanes from the (π, 0) point (see Fig. 6.11).
This momentum dependene learly demonstrates a strongly anisotropi harater
of the oupling. In agreement with a previously observed results [85℄, the renor-
malization of the eletroni bands dramatially inreases on approahing the (π, 0)
point.
Figure 6.11: Coupling
strength onstant λ of the
antibonding band near the
(π, 0) point in the under-
doped (Pb,Bi)2212 sample
as a funtion of the radial
momentum (blue points) to-
gether with a Gaussian t
(red solid line) For the nodal
diretion a value of the oup-
ling strength onstant λ = 1
was assumed.
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6.2.3 Doping dependene of the mass renormalization
Fig. 6.12 summarize the results of the just desribed analysis of the oupling
strength λ near the (π, 0) point. With dereasing dopant onentration there
is a strong inrease of the oupling strength or mass renormalization parameter
m∗/m = 1+λ of about 3 in the overdoped to huge values of about 8 in the under-
doped regime. It should be noted here that the inrease seems to be ontinuous
and there is no break observed between the over- and the underdoped region. For
the antibonding band in the UD77 sample a similar huge mass renormalization has
been deteted (see Fig. 6.12). The dopant onentration was alulated from the
well known empirial equation of Tc vs. the dopant onentration (see Ref. [31℄):
Tc/T
max
c = 1− 82.6(p− 0.16)2 (6.7)
where Tmaxc is a maximum transition temperature and p is a hole onentration.
The results for the antibonding and the bonding band in the superonduting
state an be also summarized in a dierent way. With dereasing dopant onen-
tration the oherene fator Z=1/(1+λ) dereases from 0.25 to 0.1. This means
that for underdoped samples below Tc only about 1/10 of the spetral weight near
the Fermi level represents oherent states.
Above Tc we see dispersive states even in the underdoped samples and the
renormalization of both bands is strongly redued. There is also no 'kink' in the
MDC dispersion at ∼60 meV due to a oupling to a bosoni mode (see Fig. 6.9).
The mode is either at muh higher energies or there is a ontinuum whih leads to
the renormalization. The oupling onstant in the normal state as derived from the
dierenes in the slopes of the measured dispersion and the bare partile dispersion
is independent of the dopant onentration. These values are also depited in
Fig. 6.12. The omparison of these values with similar λ values at the nodal
point [84℄ indiates that the renormalization in the normal state is rather isotropi
along the Fermi surfae.
6.2.4 Sattering rate doping dependene
To obtain further information on the renormalization of the harge arriers in
the normal state, we have evaluated the MDC width of the antibonding and the
bonding bands whih multiplied by vbF , is a measure of the imaginary part of the
self-energy plus ontributions due to the nite energy and momentum resolution
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Figure 6.12: The oupling strength parameter λ as a funtion of dopant on-
entration. Squares: superonduting state, irles: normal state. Open (solid)
symbols: bonding (antibonding) band. The dashed lines are guides to the eye.
The horizontal bar represents the experimental error in the dopant onentration.
(see hapter 4). Typial MDC uts measured with a photon energy of 38 eV are
shown in Fig. 6.13 for under- and overdoped samples. These uts an be well
tted by four Lorentzians, two orresponding to the bonding and the other two
orresponding to the antibonding band. For the overdoped and the underdoped
samples the derived sattering rates at EF are almost the same for both the bond-
ing and the antibonding bands. Values between 80 and 160 meV are derived for
the antinodal point at T = 120 K. These values are not far from values (∼ 50-
100 meV) derived at the same temperature and at the same energy at the nodal
point [87℄. Moreover, at energies smaller than about 100 meV the sattering rates
are only slightly dependent on energy (see Fig. 6.13). This is an indiation that
the modes to whih the harge arriers are oupled, are at higher energies or form
a ontinuous spetrum.
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The obtained results an be summarized in the following way: in the normal
state a rather isotropi mass renormalization of the eletroni states without a
lear energy sale is observed. The strength of the oupling orresponds to λ ∼1.
Below Tc and in the underdoped samples, in partiular, a muh higher strongly
anisotropi oupling to a olletive bosoni mode ould be deteted. It is emphas-
ized that the dierene in the mass renormalization at the nodal point between
the superonduting and the normal state is rather small (less than 5 %) .
It is diult to interpret the entirety of these results in terms of a onven-
tional isotropi oupling to phonons. Probably a more promising model would be
a oupling to spin utuations [88℄. Although this senario has been applied in
many previous ARPES studies (see for review Ref. [14℄) the present work provides
a muh more detailed piture.
Figure 6.13: Upper row: imaginary part of self energy Σ′′ with ontributions from
the momentum resolution as derived from MDC ts. Seond row: MDC ts for
OD and UD samples at energies of 15 and 35 meV, respetively.
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Above Tc the system has harge arriers whih are oupled to a ontinuum of
spin utuations. The strength of the oupling is not strongly dopant dependent.
Both the antibonding and the bonding band feel a similar oupling as derived
from the mass renormalization and from the sattering rates. Previous ARPES
studies at the (π, 0) point ould not resolve the bilayer splitting and ould not
follow the at dispersion of bands and therefore ame to the onlusion that in the
underdoped region above Tc there are only inoherent states. In the present study,
renormalized dispersive and possibly oherent states are even deteted above Tc in
the underdoped samples.
In the spin utuation senario, below Tc, the opening of the gap leads via a
feed-bak proess to a magneti resonane mode at EM deteted by inelasti neut-
ron sattering (INS) to whih the harge arriers ouple. The strong resonane
found in INS experiments [53℄ has energies Ω = 38-40 meV, whih exatly orres-
ponds to the energy of the mode determined from the energeti separation between
the peak and the 'dip' in intrinsi peak-dip-hump lineshape at (π, 0)-point, and
momentum Q = (π, π), whih orresponds to the distane between two parts
of the Fermi surfae near the (0, π) and (π, 0) points in the Brillouin zone, the
so-alled "hot spots" region (see Fig. 6.14). Also, the energy-integrated spetral
weight of the resonane peak is inreasing with under-doping.
Y
G
M
X
N( p , p )
Figure 6.14: Left: "hot spots" in the Bi2212 Brillouin zone; Middle: energy de-
pendene of the INS resonane: Right: momentum dependene of the INS reson-
ane (from [53℄).
Due to the fat that the bilayer splitting of the band ould be resolved, a
quantitative analysis of the oupling strength ould be performed for the bonding
band in the entire doping range and for the antibonding band for the underdoped
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sample. In a reent theoretial work [89℄ it was pointed out that aording to mag-
neti suseptibility measurements using inelasti neutron sattering the magneti
resonane mode ouples the antibonding band only to the bonding band and vie
versa. There is no oupling via the resonane mode within a band. It is remark-
able that the oupling of the bonding band to the resonane mode starts when
the antibonding band rosses the Fermi level (in the overdoped region). This is a
further strong indiation that there is a oupling to a mode only via odd susept-
ibilities and the spin utuation senario is appliable. Moreover, the result that
in the underdoped region λ is similar for the both bands is understandable, sine
the Fermi veloities and therefore the density of states and the odd suseptibilities
χAB and χBA should be omparable.
Chapter 7
Summary
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The disovery of superondutivity in uprates 15 years ago was not predited
by any theory. It implies that a ompletely novel approah is needed to explain
the nature of the phenomena. The entral question is: how an eletrons move
through the lattie without being sattered, what helps eletrons to o-operate at
low temperatures to arry the superonduting urrent? It is known that in the
ase of onventional superondutors eletrons form pairs in order to overome
the resistane. The pair formation is driven by the oupling between eletrons and
phonons. In the high Tc uprates the nature of the fore driving the pairing is of an
unknown yet or ontroversial origin. A wealth of information related to this issue
has been provided by angular resolved photoemission spetrosopy (ARPES), a
leading tehnique in experimental determination of the single partile exitations
in solids.
This thesis shows that the lineshape of these ARPES spetra an be under-
stood in terms of a superposition of spetral features originating from the bilayer
split Cu-O bands. By using a tunable exitation photon energy, the matrix ele-
ment energy dependene was measured in detail for both bonding and antibonding
bands. This gives an opportunity to study the eletroni properties of these two
bands separately. For the rst time it was proved that superonduting gaps for
both bands have the same value and symmetry. It also beame possible to study
the pure line shape for the dierent bands. For underdoped samples the intrinsi
peak-dip-hump line shape, due to oupling with a bosoni mode, was observed.
Studying the doping, temperature and momentum dependene of the photoemis-
sion spetra, a detailed inventory of the properties of the bosoni mode ausing
feedbak eets in the eletroni states was done. Considering the prole of the
found 'ngerprints' of the mode suh as: its energy is about 40 meV; it only auses
strong self-energy eets in the superonduting state; the mode oupling is max-
imal around (π, 0) in momentum spae and, nally, its inuene is strongly doping
dependent, being greatly enhaned in the underdoped regime; it is lear that this
mode has most likely to be identied with the sharp magneti resonane mode
observed in inelasti neutron sattering experiments.
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